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Abstract
This research investigates the fluid-dynamic interaction between close-coupled axial
turbomachines and surrounding components, e.g., heat-exchangers, filters, or cooling
fins in high-density computer servers, and its effects on turbomachine performance
and system performance. The importance of this research is that the flow interaction
effect occurs in every scenario that requires system compactness.
In this research, high resistance mediums (HRM) are applied to represent simplified models of fan surrounding components. A combined experimental and 3-D
computational study on an off-the-shelf server cooling fan is performed firstly, showing that the fan performance is little changed. However, the system performance can
be very different since the server cooling has a large hub-to-tip radius ratio, which
effectively blocks the HRM’s flow area. Next, 2-D studies on cascade-HRM interaction are carried out. A major finding is that conventional off-the-shelf fans are not
affected significantly by the close-coupling between fan and HRM; the effect benefits
only fan designs with High Diffusion Factor (DF). In particular, the benefits can only
be harvested when the fan’s aerodynamic loading is very high (or high DF) and the
fan blades stall when the fan operates in the fan alone mode. In this case, when
the fan is designed with the HRM close-coupling effect, the resulting fan design can
operate efficiently (i.e., flow separation is removed) at a high-pressure coefficient.
Next, a parametric study on high DF cascade blade and HRM flow interaction
is performed, including the sensitivity of fan-HRM separation gaps, HRM flow resistance K factor, and HRM flow resistance homogeneity. We find that the interaction
effect significantly increases the fan static pressure rise and fan total pressure rise.
Regarding energy usage, the fan’s total efficiency benefits from the interaction, while
static efficiency stays no change because most of the benefit goes to swirl dynamic
pressure. The HRM resistance homogeneity study suggests that the fan and system performance can be very different when a fan rotates close to a conventional

non-axisymmetric heat-exchanger configuration.
A parametric study on high DF stator and HRM flow interaction is also performed,
including sensitivity to stator-HRM separation gaps, HRM flow resistance K factor,
HRM flow resistance homogeneity. Finally, evaluation of stator blade loading types
(leading-edge design and trailing-edge design) are carried out.
We next investigate the flow interaction effects between close-coupled fan stage
(rotor + stator) and HRM on fan performance and system performance. The stator
blade row is introduced to convert the swirl dynamic pressure to useful static pressure.
The stage static efficiency can reach 80%.
Finally, a new heat-exchanger design is evaluated. We investigate the feasibility
of using curved-fin to replace the conventional straight-fin design. We find that the
system performance can be significantly improved since the stator with curved fins
convert swirl dynamic pressure to static pressure while pressure drop in the HRM is
reduced.
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Chapter 1
Introduction
Turbomachines are mechanical devices that either extract energy from a fluid (turbine) or add energy to a fluid (pump, fan, compressor) as a result of dynamic interactions between the device and the fluid. A turbine’s job is to produce shaft power by
expanding fluid to a lower pressure or head (wind, hydraulic, steam, and gas turbine).
Pumps are reserved for a situation where the working fluid is liquid, while fans are
reserved for a situation where the working fluid is gas, and the pressure rise is small.
Compressors perform the same job as fans, but the pressure rise is much higher, and
compressibility is essential.
This research focuses on low-speed axial-flow fans or fan stages, forcing air to
move parallel to the shaft about which the blades rotate. This type of fan is used
in various applications, ranging from small cooling fans for electronics to giant fans
used in cooling towers or jet engines.
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1.1

Fan Installation Effect

It is well known that an approach to reduce air mover’s energy usage and noise is
to improve system performance, e.g., reducing system pressure drop while improving
fan performance. A common approach is to carry out improvements by treating
components separately rather than a system. Since fans are one of the biggest energy
consumers, their performances need to be optimized; selecting the fans that match
the application is essential.
In industry, fan selection is usually based on an overall system pressure drop and
flow rate requirements. Fan performance curves are typically used in this selection
process (i.e., manufacturers’ spec data). A contemporary server thermal management
design system is noted in Fig. 1-1. Firstly, thermal designers generate heat-exchanger
loss curves based on wind-tunnel testing of surrounding components (red curve in Fig.
1-1). Then, designers select fans using manufacturer fan performance curves that
match the system pressure requirements (black curve in Fig. 1-1). However, after
installation, the selected fans typically do not provide the pressure rise and flow rate
as predicted (green curve in Fig. 1-1), and the pressure drop from the surrounding
components increases (yellow curve in Fig. 1-1).

Figure 1-1: Problems of fan selection in industry
Two elements in the design system give rise to system performance misprediction:
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1. The assumption that fan performance is not affected by surrounding component
interaction is inappropriate; in compact systems, the fans will interact with the surrounding components and perform differently. In particular, because of the presence
of excessive incoming flow distortions, fans are not likely to operate at their most
efficient operating point. The fan’s true capability to produce fluid flow and pressure
for surrounding components’ operation is not automatically available without due
consideration of the interaction effect. The manufacturers’ fan curves based on fan
alone testing can be inaccurate.
2. The original loss curve can be inaccurate; the system pressure drop could increase
significantly as a fan delivers a more complex flow to the surrounding components,
e.g., non-uniform velocity profile and swirl.
Hence, in the contemporary fan system design processes, on the one hand, the
fans will not operate at the optimum point, resulting in high-energy consumption and
high noise levels. On the other hand, time-consuming design iterations are required
to satisfy the design constraints.
Ways of truly improving the system performance incorporate better matching the
fan with system requirements. The key is to understand how the flow interaction
effect changes fan performance and system performance. Fans need to be optimized
through a more accurate prediction of design intents (i.e., a fan is adequately selected
to operate at the best efficiency point (BEP)). The system loss estimation requires
consideration of the flow complexity the fan delivered.
In a combined experimental and computational study carried out at Syracuse University in the late 1990s for the HVAC industry, Dang and his student found that the
presence of a flow resistance medium (e.g., a heat-exchanger or a filter) placed very
close to an axial fan can alter the fan performance when compared to the fan alone
configuration. In 2000, Wang performed a computational and experimental combined
study on an HVAC cooling fan [42]. Firstly, he found that the separation distance be3

tween the fan and surrounding components plays a significant role in fan performance
change. In fact, a fan could take advantage of proper spacing management (Fig. 1-2).
For example, fan-stall can be delayed significantly in the presence of a high resistance
medium (HRM) (e.g., heat-exchanger). Hence, pressure rise can be obtained via more
aggressive aerodynamic loading of axial fans (or flow turning) rather than increasing
fan RPM. Secondly, the surrounding component resistance factor and geometry also
affect fan performance.

Figure 1-2: Effect of fan/heat-exchanger flow interaction on fan power [42]
To explain this favorable flow interaction mechanism, we begin by examining
Ward-Smith et al.’s work in 1991 on wide-angle diffusers [43]. In this case, the diffuser
angle is rather extreme at 45◦ . The job of a diffuser is to convert the flow dynamic
pressure to static pressure, and it is well known that 2-D diffuser stalls when the
diffuser angle is larger than about 7◦ . The pictures on the left of Fig. 1-3 show the
streamline patterns in the diffuser and the velocity profile at the exit of the diffuser
when two low flow-resistance perforated plates (loss coefficient K = 2) are placed
inside the diffuser. The pictures indicate massive flow separation along the diffuser
walls, and the flow exits the wide-angle diffuser as a jet. However, when higher flow
resistance perforated plates (loss coefficient K = 6) are placed in the diffuser (right
pictures in Fig. 1-3), the flow remains attached along the diffuser’s entire length, and
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the flow that leaving the diffuser is pretty much uniform. Here, the loss coefficient
K is defined as the pressure drop across the perforated plate divided by the local
dynamic pressure.
From the fluid dynamic point of view, the flow passing through a heat-exchanger
can be thought of as a flow passing an HRM. The pressure drop across the heatexchanger is characterized by the non-dimensional loss coefficient K. Note that the
loss coefficient K across a 3-row coil typically found in AHUs is on the order of 30,
and the loss coefficient K across a heat-exchanger typically found in servers is on the
order of 12-25.

Figure 1-3: Wide angle diffuser with perforated plates [43]
The flow passing through a fan blade passage is effectively a curved diffuser. For
example, the flow path in a stator blade is essentially a diffuser with curvature, as
shown in Fig. 1-4 (left picture), showing a curved flow path with A2 > A1. Without
the presence of an HRM, when the flow turning in the stator is too aggressive, the flow
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can separate due to the severe adverse pressure gradient on the blade suction surface
(see Fig. 1-4 - left velocity contour). The same figure shows that the placement of
an HRM behind the stator vane has the effect of removing or delaying stall (see Fig.
1-4 - right velocity contour). Note that the dark blue regions located on the blade
suction surface in Fig. 1-4 indicate very low-velocity magnitude (or flow separation
regions). From a technical standpoint, the flow interaction suggests that one can
design a highly-loaded blade, e.g., blade design having a diffusion factor much higher
than the conventional design. This translates to many beneficial design options in
fan design, including running the rotor at lower RPM (to reduce noise), fewer blade
counts (reduction in manufacturing cost), and higher pressure rise per fan stage.

Figure 1-4: Stator-vane flow field without and with HRM (velocity contour)
This research aims to understand the flow interaction between fan and surrounding
components, such as fan and heat-exchangers or filters found in HVAC equipment
and fan and cooling fins found in computer servers. Of interest is how the flow
interaction affects fan performance and system performance. The importance of this
research is that the flow interaction effect occurs in every scenario that requires system
compactness.
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1.2
1.2.1

Potential Applications
Air Handling Unit

A conventional forced-air residential HVAC system includes an air handling unit
(AHU) that is physically connected to ductwork that distributes conditioned air
throughout the home. In mild and hot climates, the AHU is connected to an outdoor
unit that can be a heat pump or air conditioner; the AHU may also include a fan
coil unit with or without an electrical heater. In cold climates, the AHU typically
is a furnace that burns natural gas; when the home has central air conditioning, the
furnace also serves as the AHU for air conditioning. The major components of an
air handler unit are a blower and one or more HRMs. In the heat-pump or fan-coil
case, the HRMs are filter and heat-exchanger (condenser or evaporator coil). In the
case of a furnace, the HRMs are the primary heat-exchanger (burner), secondary
heat-exchanger, cooling coil, and filter [37].
As introduced previously, the HVAC industry’s common design practice is to
optimize the components inside an air handler unit as standalone components. Furthermore, the blower used in almost any air handler unit on the market today is a
double-inlet forward curved centrifugal fan with a static efficiency of only 40%. There
are two main reasons why the HVAC industry stays with this fan type for decades.
First, up until very recently, commercially available cost-effective electronically commutated motors (ECM) could only run up to a maximum speed of 1050 RPM. Only
forward-curved fans can meet the required duty at this RPM in terms of pressure
rise and volume flow rate. Second, forward curved blowers have better sound and
sound quality properties than other high-efficiency fan types (e.g., backward curved
fans, mixed flow fans, vane axial fans). Recently, major motor manufacturers released high efficiency and cost-effective ECMs that can run at higher speeds, up to
2000 RPM (e.g., Panasonic AR-U2 motor for HVAC applications [32]). With the
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availability of high-speed ECMs, the conventional centrifugal blower can be replaced
by higher efficiency vane-axial fan or mixed-flow fan. By applying an axial fan, the
size of the AHU can be reduced as the fan can be located very close to the air filter
and the heat-exchangers. Hence, flow interactions between these components become
important.

1.2.2

Server Cooling Fan

As a result of increasing computational power, electronic components are tightly
packed in high-density servers (Fig. 1-5). Flow interaction between fan and CPU fins
and/or memory DIMMs can be found in many servers. Consequently, the available
flow areas for air-cooling are reduced (i.e., higher flow resistance) while airflow rate
demands go up, and hence fans are required to generate more pressure rise and
higher flow rates [8] More importantly, the fan and the surrounding components’
flow interactions can significantly affect fan performance since the components can
be very closely integrated with the fan. Typically, fan performance correlates with
energy usage and noise. In server cooling applications, no cooling fan can walk around
from the significant interaction effect with surrounding objectives. Therefore, it is
crucial to obtain an in-depth understanding of the mechanics of the flow interaction
effect.

Figure 1-5: Close coupling between fan and CPU fin in IBM x3620 M3 server, with
variable flow resistance (CPU fin and memory DIMMs) behind fans [3]
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1.3

Organization of Current Work

Eleven chapters are organized in this thesis. Chapter 1 is an introduction and overview
of the interaction effect, and chapter 2 is a review of previous work. Chapter 3 will
introduce computational and experimental methodologies used in this research.
Results and discussion start to be introduced from chapter 4. Chapter 4 presents
the computational and experimental combined study of the Ebm-Papst 4114 N/2H6
server cooling fan. Experimental data are presented to evaluate the system-level performance of the highly-coupled fan and HRM configurations. Three-dimensional CFD
is also presented to evaluate fan performance in the presence of the flow interaction
with the HRM.
Chapter 5 will perform a study on multiple 2-D cascade rotor geometries, which
have different Diffusion Factors. This part of the study aims to understand what
type of fans’ performance is most affected by the close-coupling effect between a fan
rotor and HRMs. The following Chapter 6 will introduce the parametric study on a
high Diffusion Factor fan, including sensitivity studies of separation gaps, resistance
factors, and resistance factor homogeneity.
Chapter 7 & 8 will investigate two plausible ways of converting fan rotor swirl
dynamic pressure to static pressure. Parametric studies on a high Diffusion Factor
stator, including sensitivity studies of separation gaps, resistance factors, resistance
factor homogeneity, and a comparison of leading-edge loading design versus trailingedge loading design, will be introduced in Chapter 7. The feasibility of the curved-fins
heat-exchanger will be investigated in Chapter 8.
Next, fan systems are studied in Chapters 9 & 10, e.g., a stage and fan curved-fins
integration. Chapter 9 will carry on the discussion from Chapter 6 and Chapter 7
to investigate the close-coupling effect in rotor-stator stage configurations. Chapter
10 will carry on the discussion from Chapter 6 and Chapter 8 to investigate the
close-coupling effect in rotor-curved fins configurations.
9

Finally, conclusions and recommendations will be presented in Chapter 11.
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Chapter 2
Literature Review on Fan
Installation Effect
In chapter 1, we discussed an approach to improving system performance to enhance
the fan performance while enhancing the performance of the surrounding components
(reducing system pressure drop). Previous studies researched each component found
in air movers (HVAC equipment or computer servers) individually; research on fans,
heat-exchangers, and cooling fins is abundant in the literature. However, there are
very few works that investigate on interaction effects between these components.
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2.1

Review

Fans deliver working fluid to a heat-exchange device experience interactions. In 2016,
J. Ahna, E. M. Sparrows, J. M. Gormana, and W. J. Minkowyczb [4] investigated the
performance of a heat-exchange device (computer CPU fins) in coupled systems. The
paper focuses on the fins, showing that separately design each component in a heatexchange device will overestimate the heat transfer performance. The manufacturersupplied P-Q curves are not accurate in close-coupled working conditions; the curves
take no account of the fan system loss change.
In the paper, typical heat-exchange equipment is studied; arrays of pin fins are
integral to a baseplate to which an assemblage of heat-generating electronic components is affixed to its down-facing surface (Fig. 2-1). The target fan delivers airflow
to the fins.
This research applies numerical methods to the investigation, and three models
are studied of interest. The actual fan-fins set-up is modeled based on the fluid
mover and the heat-exchanger model as a free delivery system; ambient pressures are
specified at both inlet and outlet of the computational domain (zero gauge pressure).
In addition to the actual fan-fins model, two highly simplified no-fan-based models
are studied. The two simplified models focus on the pin-fin array. In the so-called
V-driven fan model, the magnitude of the entering velocity is specified. The pressure
drop experienced by that flow as it passes through the heat-exchanger system is
determined. In the so-called P-driven fan model, a uniform pressure is imposed at
the inlet, and the simulation is performed to give the volumetric flow rate passing
through the system.
The fan selection and the flow condition delivered to the heat-exchanger inlet in
the two simplified models are determined independently by the conjunction point
between the system curves and the P-Q fan curve provided by the manufacturer (Fig.
2-2). The solid line is the manufacturer’s fan performance curve. Two loss curves
12

represent the pressure drop for the pin-fin array situated in the duct from the two
simulations.

Figure 2-1: Schematic diagram of a pin- Figure 2-2: P-Q curve for SOFASCO fan
fin array and its fluid-mover partner [4] D5015 and system curves for the pin-fin
heat-exchanger situated in the duct pictured in Fig. 2-1 [4]
Velocity contour diagrams are presented in Fig. 2-3 & Fig. 2-4. The flow patterns
for the P-Q cases are drastically different from the rotating-fan case. Whereas the
former flow patterns relentlessly follow the lanes between the adjacent columns of
fins, no easily identified pattern can be seen for the fan-driven flow. These results are
not surprising since the rotating fan delivers a complex flow (e.g., non-uniform axial
velocity, swirl, and static pressure) to the inlet of the heat-exchanger. The complex
fan-provided fluid flow creates a higher pressure drop than that corresponding to a
uniformly entering flow. Therefore, the heat-exchanger system loss curves are not
accurate.

Figure 2-3: Instantaneous velocity distributions (1 cm above the base surface) [4]
The outcome of system loss increment is a significant reduction in the delivered
13

Figure 2-4: Instantaneous velocity distributions (2.5 cm above the base surface) [4]
flow rate compared with the P-Q models. The rates of heat transfer from the pin-fin
array to the flowing air are compared in Table 2.1. The V-driven inflow-approach heat
transfer rate is about 37% greater than the actual fan-fins set-up. For the P-driven
inflow cases, the simplified model overestimates about 19%.

Through fins
Through base

Rate of heat transfer (W)
Rotating fan V-driven inflow P-driven inflow
34.5
47.4
40.9
1.37
1.24
1.26

Table 2.1: Overall pin-fin-array heat transfer results comparing those of the rotatingfan-delivered air case with those of the velocity- and pressure-driven P-Q flow rates.
The temperature difference = 30◦ C
Yu Wang (2001) did pioneering works addressing fan/coil flow interaction [42].
The research examined the flow interaction effect between an axial fan and a high
resistance medium (HRM) to quantify fan/HRM interaction’s effects on fan performance. Figure 2-5 illustrates fan geometry in his study. This research combines
experiments and numerical methods to study the effects of a fan in tubes and the gap
between the fan and HRM.
The fan tunnel at Syracuse University is used to measure global parameters like
fan power and fan backpressure in the experimental work. Also, a pressure probe
is used to measure span-wise total pressure rise distribution to understand the flow
field’s details. Then, flow visualization is done near the fan trailing-edge to examine
the fan blade surface’s flow field (Fig. 2-6). Finally, CFD simulations are employed
to exam the complex 3D flow field. Some of his findings are highlighted below.
14

Figure 2-5: Fan of study [42]

Figure 2-6: Flow visualization study [42]

15

First, the effect of a fan in tubes is studied. Three different sizes of tubes are
placed behind a 10.75" diameter fan; 12", 15", and 18" (multiple the fan and tube
diameter ratios). As a result, power, static pressure rise, static efficiency, and radial
total pressure profile are compared shown in Fig. 2-7. The increase in tube size can
have the effect of increasing fan power and total pressure rise. This effect is active
in the high-loading regime but weak in the low-loading regime. Also, as the tube
diameter increases, the radial velocity shifts the flow from hub to tip, resulting in
lower velocity near the hub. This reduction in flow velocity causes hub separation.

(a) Fan power

(b) Static pressure rise

(c) Static efficiency

(d) Radial total pressure profile

Figure 2-7: Tube effects on the fully-shrouded fan [42]
Second, this research shows that the gap between the fan and HRM significantly
affects fan performance. The HRMs play a significant role in redistributing the flow
16

field; the flow field intends to be more uniform to minimize pressure drop (loss).
Mainly, the redistribution is in the radial direction. This redistribution dramatically
affects fan performance due to the trailing-edge profile of absolute flow angle arising
from the exit axial velocity profile change.
The comparison of fan power for different gaps is shown in Fig. 2-8. When the
gap is large, the fan/HRM flow interaction is negligible; the fan power stays nearly
identical when the gap is greater than 2.5" (0.23D regarding fan diameter). When the
gap is small, fan input power is modified over the entire flow regime. The fan power
increases with decreasing HRM gap distance, and the effect is especially pronounced
when an HRM is placed very close to the fan trailing-edge. Another observation
is that the fan stall is delayed as the fan/HRM gap is reduced. For example, the
high-loading region’s left boundary for the 0.5" fan/HRM gap case is on the order of
560 CFM, while the corresponding value for the fan alone case is on the order of 680
CFM.

Figure 2-8: Fan/HRM gap effects on the fully-shrouded fan in the 12" tube [42]
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CFD simulations provide flow details for a deeper understanding. Two representative cases are compared, which are 0.5" and 4" (0.05D and 0.37D) fan-HRM gap in
a 12" diameter tube. The low flow coefficient of 490CFM cases is first studied. From
the experiment result, for a separation distance larger than 0.23D, the interaction
effect becomes negligible. Therefore, the 4" case can qualitatively represent the fan
alone case. Velocity contour and streamlines are shown in Fig. 2-9(a) & Fig. 2-9(b).
The figures suggest a strong leakage flow is observed in the 4" case but not in the 0.5"
case. The leakage reduces the effective flow area and increasing axial velocity. Figure
2-9(c) shows the axial velocity differences; for the 0.5" case, the velocity profile is
pretty uniform both at fan leading and trailing-edge. However, for the 4" case, axial
velocity is large in the hub-to-mid-span region, and the velocity is low even falls to
zero or negative in mid-to-tip-span. Without the HRM or if the HRM is placed far
away from the fan (greater than 0.23D in this case), pressure is high at the fan downstream, and a flow pattern is set up from the high-pressure region to the low-pressure
region. This is the leakage flow situation shown in Fig. 2-9(a) & Fig. 2-9(b). When
an HRM is placed close downstream of the fan, the pressure behind the HRM is also
low. Therefore, the flow can either take the leakage flow path or cross the HRM,
depending on the pressure gradient magnitude and the resistance along these two
possible flow paths.
CFD results at a flow rate of 680 CFM give a comparison in the operating range.
The difference in overall flow patterns between the 4" and 0.5" fan/HRM gap cases is
much less than the 490 CFM cases. However, the coupling still significantly affects the
axial velocity distribution at the fan trailing-edge. The HRM shifts the flow toward
the tip as in the 490 CFM case, and the axial velocity at the tip is increased.
Young Hoon Kim (2003) examined the interaction effect between HRMs and 2-D
Airfoil and Cascade [17]. This work mainly studied the flow pattern change and the
effect of fan-HRM separation distance, HRM K factor, and HRM thickness. Kim also
18

(a) Streamlines and axial velocity contour 4.0" (b) Streamlines and axial velocity contour 0.5"
gap coil
gap coil

(c) Coil effects: fully shrouded fan

Figure 2-9: CFD results about the fan/HRM gap effects on the fully-shrouded fan in
the 12" tube at 490 CFM [42]
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(a) 4" streamlines and axial velocity contour

(b) 0.5" streamlines and axial velocity contour

(c) 4" axial velocity profile

(d) 0.5" axial velocity profile

Figure 2-10: Tube effects on the fully-shrouded fan [42]
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brought up the idea of an innovative heat-exchanger geometry.
Firstly, Fig. 2-11 & Fig. 2-12 are comparisons of streamlines around a 2-D
airfoil without and with an HRM placed behind the airfoil, representing the effect
of the fan-HRM interaction on the flow field. In the airfoil alone configuration, Fig.
2-11(a) shows a significant flow separation on the airfoil suction surface. In the
second configuration, an HRM is placed 20% chord downstream of the airfoil, and
the resistance factor of 20 is specified (Fig. 2-11(b)). Although the leading-edge
separation still occurs with the HRM’s presence, the size of the separation bubble is
significantly reduced. A similar study is performed with the placement of the HRM
upstream of the airfoil, shown in Fig. 2-12. The HRM’s presence significantly affects
the flow field near the airfoil, reducing the separation bubble’s size. An experimental
study of these two set-ups was carried out, and the experimental results confirm the
CFD results.

(a) Airfoil alone

(b) Airfoil/HRM

Figure 2-11: Comparison of streamline plots of (a) airfoil alone & (b) airfoil coupled
with a downstream HRM K=20, gap distance 20% and HRM thickness 20% of chord
[17]
Parametric studies of varying HRM gap distance for both downstream and upstream of the N7505 airfoil are summarized in Fig. 2-13. Figure 2-13(a) shows that
the presence of the downstream HRM significantly influences the airfoil Lift Coefficient (CL ). At a low angle-of-attack, the airfoil CL is slightly lower in the presence
21

(a) Airfoil alone

(b) HRM/airfoil

Figure 2-12: Comparison of streamline plots of (a) airfoil alone & (b) airfoil coupled
with a upstream HRM K=20, gap distance 20% and HRM thickness 20% of chord
[17]
of the HRM. At a high angle-of-attack, the airfoil alone case clearly indicates that
the airfoil is stalled. When coupling with an HRM, the CL continues to rise. Gap
distance does not play a big role when the angle-of-attack is low (less than 12◦ . When
the angle-of-attack is high, Fig. 2-13(a) suggests CL increases as the gap decreases.
Regarding HRM is located upstream of the airfoil, Fig. 2-13(b) shows the same trend.

(a) Gap 20%

(b) Gap 40%

Figure 2-13: N7505 airfoil CL comparison between the HRM placement upstream and
downstream of the airfoil, (a) gap 20%, (b) gap 40% [17]
Then, parametric studies of varying the HRM flow resistance K-factor are shown
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in Fig. 2-14. The resistance factor K is varied from 1 to 20, with the HRM thickness
maintained at 10% airfoil chord and the gap distance at 20% of the airfoil chord.
This figure shows that, in both downstream and upstream HRM configuration, at a
low angle-of-attack, CL is independent of the K factor. At a high angle-of-attack, CL
increases with the HRM resistance factor rise, and CL does not change very much
when the HRM resistance factor K is ten and larger.

(a) Airfoil/HRM

(b) HRM/airfoil

Figure 2-14: Comparisons of CL curve for the HRM K factor effect in (a) airfoil/HRM
& (b) HRM/airfoil [17]
Next, parametric studies of varying the HRM thickness are shown in Fig. 2-15.
The HRM thickness is set at 10%, 20%, and 40% of the airfoil chord, while the HRM
resistance factor K is maintained at 20, and the gap at 20% of the airfoil chord. This
figure shows that the flow interaction does not depend on the thickness of the HRM.
Finally, Kim also brought up the idea of an innovative heat-exchanger geometry
to improve system performance. A cooling system usually has the geometry of a
fan rotor and heat-exchangers. The heat-exchanger fins are a straight metal plate
"sandwich" design. Kim proposed to use curved-fins instead of the conservative fin
designs (Fig. 2-15(a)). Suppose one changes the straight fins geometry to curved fins
at the heat-exchanger leading-edge to match the flow angle leaving the fan trailingedge. In this case, one will be able to convert the rotor exit swirl dynamic pressure
23

(a) Airfoil/HRM

(b) HRM/airfoil

Figure 2-15: Comparisons of CL curve for the HRM thickness effect in (a) airfoil/HRM
& (b) HRM/airfoil [17]
to static pressure to improve the system performance (Fig. 2-15(b)).
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(a) Blow-through system, using the HRM cou- (b) Velocity angle near the rotor trailing-edge
pled with the de-swirl vanes
(C2) and the HRM trailing-edge (C3) in the absolute frame

Figure 2-16: Comparison of CP at 8◦ angle-of-attack of (a) airfoil/HRM & (b)
HRM/airfoil [17]
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2.2

Summary

Both studies of Wang and Kim lead to a good foundation for further study of the
problem. However, further studies are required to investigate the physics of this
flow interaction and how to design highly-coupled fan-HRM in-depth. Some of the
shortcomings to be addressed in this thesis include:
(1) Back in 2000, the computational capability was limited to steady-flow CFD, e.g.,
the Multiple Reference Frame (MRF) method and Mixing-Plane method. As a result,
some of the simulations may not be accurate and should be checked against the much
more accurate sliding mesh unsteady-flow method.
(2) The work of Wang and Kim clearly showed that the blade stall is delayed in
a highly-coupled fan-HRM configuration. As a result, although the rotor’s total
pressure rise is increased, the static pressure increase is not always achieved as most
of the total pressure increase is in the swirl dynamic pressure. Therefore, to take
advantage of the fan-HRM flow interaction, it is necessary to include a stator blade
row.
(3) The work of Wang and Kim examined only conventional blade designs with respect
to blade loading, i.e., the blade diffusion factor is well within the limit of fan alone
design. This thesis will explore designs with much a higher diffusion factor to take
advantage of fan-HRM flow interaction.
(4) Finally, Wang and Kim’s work only looks at the effects of fan-HRM flow interaction
on fan rotor performance. In this thesis, we will also examine system performance.
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Chapter 3
Computational Methods and
Experimental Facility
3.1

CFD Softwares

Computational Fluid Dynamics (CFD) has been a powerful tool for analyzing the
flow details in turbomachinery design, including temperature, velocity, and pressure
distributions. In order to obtain reliable results, a trustworthy CFD solver and accurate geometries are indispensable. This study employs ANSYS Fluent, which is a
commercial CFD program used in the industry.
ANSYS Fluent is a popular commercial CFD software package globally, with a
market share of 60% in the United States, which can be used in all industries related
to fluid, heat transfer, and chemical reactions [2]. ANSYS Fluent carries the new
grid generation technology, which can handle complex shape geometry input, surface mesh reconfiguration, and automatic body grid generation such as simplifying
geometry, automatic hole filling, preventing component contact, and checking leakage including tetrahedral, hexahedron, dodecahedron, and polyhedral mesh. ANSYS
Fluent has extensive physical models, advanced numerical methods, and powerful pre
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and post-processing functions. Physics models and advanced algorithms have made
it widely used in all fields of fluid computing, including aerospace, automobile, biomedical, architecture, chemistry, electronic devices, energy, petroleum, natural gas,
environment, ship, and rotating machinery.
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3.2

Flow Resistance K-Factor Specification

In this work, we model heat-exchangers, filters, computer cooling fins with a porous
media. The flow resistance K-factor is defined as the pressure drop normalized to the
dynamic pressure, i.e.,

1
∆P = ρKv 2
2

(3.1)

When written in terms of the pressure drop in the x, y, z directions:
1
∆Px = ρKvx2
2

(3.2)

1
∆Py = ρKvy2
2

(3.3)

1
∆Pz = ρKvz2
2

(3.4)

As described in ANSYS Fluent manual [23] & [1], conservation of momentum in an
inertial (non-accelerating) reference frame is described by [6], [33]
∂
=
(ρ"v ) + ∇ · (ρ"v"v ) = −∇p + ∇ · (τ ) + ρ"g + F"
∂t

(3.5)

=
where p is the static pressure, τ is the stress tensor (described below), and ρ"g and F"

are the gravitational body force and external body forces (for example, the force that
arise from interaction with the dispersed phase), respectively. F" also contains other
model-dependent source terms such as porous-media and user-defined sources.
=

The stress tensor τ is given by
=

τ =µ

!"

∇"v + ∇"v

T

#

2
− ∇ · "v I
3

$

(3.6)

where µ is the molecular viscosity, I is the unit tensor, and the second term on the
right hand side is the effect of volume dilation.
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Porous media are modeled by the addition of a momentum source term to the
standard fluid flow equations. The source term is composed of two parts: a viscous
loss term (Darcy, the first term on the right hand side of Equation 3.7), and an inertial
loss term (the second term on the right hand side of Equation 3.7)


Si = − 

3
'

Dij µv i +

j=1



3
'

1
Cij ρ |v| vi 
2
j=1

(3.7)

where Si is the source term for the i th (x, y, or z) momentum equation, |v| is the

magnitude of the velocity and D and C are prescribed matrices. This momentum
sink contributes to the pressure gradient in the porous cell, creating a pressure drop
that is proportional to the fluid velocity (or velocity squared) in the cell.
When modeling a perforated plate, we can eliminate the permeability term and
use the inertial loss term alone, yielding the following simplified form of the porous
media equation:
(∇P )i =

3
'

Cij

j=1

*

+

1
ρvj |v|
2

(3.8)

or when written in terms of the pressure drop in the x, y, z directions:
∆Px ≈

3
'

1
Cxj ∆nx ρvj |v|
2
j=1

(3.9)

∆Py ≈

3
'

1
Cyj ∆ny ρvj |v|
2
j=1

(3.10)

∆Pz ≈

3
'

(3.11)

1
Czj ∆nz ρvj |v|
2
j=1

the thickness of the medium (∆nx , ∆ny , or ∆nz ) is the thickness defined in the model.
For porous media cases containing highly anisotropic inertial resistances, enable Alternative Formulation under Inertial Resistance. The Alternative Formulation option provides better stability to the calculation when your porous medium is
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anisotropic. The pressure loss through the medium depends on the magnitude of
the velocity vector of the ith component in the medium. Using the formulation of
Equation 3.12 yields the expression below:
1
Si = Ci ρ |vi | vi
2

(3.12)

or when written in terms of the pressure drop in the x, y, z directions:
∆Px ≈

3
'

1
Cxj ∆nx ρvj |vj |
2
j=1

(3.13)

∆Py ≈

3
'

1
Cyj ∆ny ρvj |vj |
2
j=1

(3.14)

∆Pz ≈

3
'

(3.15)

1
Czj ∆nz ρvj |vj |
2
j=1

Then, we can compare the coefficient, Equation 3.2 and Equation 3.13 get
C=

K
∆n

(3.16)

the thickness of the medium (∆n) is the thickness defined in the model, and K is the
resistance factor.
To recover the case of simple homogeneous porous media, ANSYS Fluent also
allows the source term to be modeled as a power law of the velocity magnitude:
Si = −C0 |v|C1 = −C0 |v|C1 −1) vi

(3.17)

where C0 and C1 are user-defined empirical coefficients. Then, we can compare the
coefficient, Equation 3.1 and Equation 3.17 get
1 K
C0 = ρ
2 ∆n
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(3.18)

C1 = 2

(3.19)

the thickness of the medium (∆n) is the thickness defined in the model, and K is the
resistance factor.
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3.3
3.3.1

Turbulence Model Validation
Definitions and Previous Validation Study

This section will evaluate various turbulence models in ANSYS Fluent for a 2-D
cascade by carrying out a validation study against test data. Figure 3-1 shows the
important geometrical parameter notation. The blade stagger angle is denoted by ξ,
which is the angle between the chord line and the blade axial direction (also known as
the setting angle). Blade inlet angle (β1 ) is defined by the angle between the tangent
to the camber line at the leading-edge and the blade axial direction. Similarly, the
blade outlet angle (β2 ) is defined by the angle between the tangent to the camber
line at the trailing-edge and the blade axial direction. The inlet flow angle (α1 ) is
the angle between the fluid flow direction at the blade inlet and the machine axial
direction, while flow exit angle (α2 ) the angle between the fluid flow direction at the
blade exit and the machine axial direction. The angle-of-attack (AOA) is defined
as the difference between the flow angle and the stagger angle, which is denoted by
(α). The turning angle (deflection) represents the total turning angle of the fluid,
which equals the difference between the inlet flow angle and the exit flow angle. For
the purpose of evaluating various turbulence models, the flow turning angle and drag
coefficient are compared between the experiment data and CFD prediction over a
range of AOA.
θ = α1 − α2

(3.20)

The drag coefficient is defined as the following.
s cos3 βm
CD = ω( )(
)
c cos2 β1
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(3.21)

Where the loss coefficient ω is defined by
ω=

P01 − P02
1
ρV 2
2

(3.22)

P01 and P02 are the total pressure upstream and downstream of the fan. V is the
velocity of the incoming flow. βm is defined by
1
tan(βm ) = (tanβ1 + tanβ2 )
2

(3.23)

Figure 3-1: Cascade geometrical parameters notation
Researchers have done a lot of studies to explore the reliability on CFD modeling
[7], [16], and variety of turbulence models are developed to full fill the applications
[34], [21], [44], [31]. Although turbulence models like v2f [9] [10] ,[36],[38] and k-epsioln
[15], [39] have been used to predict the performance of a cascade in CFD, review of
the literate on this subject [18], [12],[35],[35],[30],[19] reveals that the most successful
turbulence models that can accurately predict the cascade performance in CFD are KOmega SST [24], [25], [28], [26], [27], Spalart-Allmaras [41] and Transitional SST [29],
[20]. Therefore, This turbulence model validation study uses K-Omega SST, SpalartAllmaras and transitional SST turbulence models to predict the performance of two
low speed cascades and compare numerical results against available experimental
data.
Two cascade geometries are studied, which are NACA65-(12A10)10 and NACA65410. At the National Advisory Committee for Aeronautics, the blade stagger angle is
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tested through a range of AOA with the air-inlet angle. The solidity is held constant
for the tests, side by side. This turbulence model validation study follows the same
way to set up computational geometries.

3.3.2

Validation Study for NACA65-(12A10)10

Computational Model
The NACA65-(12A10)10 cascade [11] are studied first. The cascade blades are set
at a stagger angle of 32.9◦ and a solidity (s/c) of 1. The design flow inlet angle is
45◦ , which gives the design AOA of 12.1◦ . The Reynolds number based on the inlet
velocity and the cascade’s chord is 245,000, where the velocity of the inlet flow is 29
m/s, and the chord of the cascade is 0.127 m.
The computational geometry is shown in Fig. 3-2. The inlet and the outlet are
placed at least 1.5 times of blade chord away from the blade leading-edge and trailingedge to eliminate the effect of boundary condition location selection. A velocity-inlet
boundary condition is specified at the inlet of the computational domain. The velocity
magnitude is specified as 29 m/s, and the flow direction is set to be 45◦ . At the outlet
station, the pressure-outlet boundary condition is employed. The gauge pressure is
set to be zero, which implies atmospheric pressure at the exit. The periodic cascade
condition is simulated by specifying periodic boundary conditions. A constant air
density of 1.225 kg/m3 is used for all simulations.
In order to test a range of AOA, the blade stagger angle is varied by rotating
the blade around the blade trailing-edge. Figure 3-2(b) shows all computational
geometries on the same plot for illustrating the difference. A zoomed-in view of the
multiple blade settings is shown in Fig. 3-2(c)
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(a) Computational domain

(b) Illustration of stagger angle variation

(c) Zoome-in illustration of stagger angle variation

Figure 3-2: Computational model
Meshing
The mesh is generated using ANSYS Meshing. The mesh is very fine near the blade
wall to resolve the flow details (Fig. 3-3(a)). At the blade wall, the element size
is 0.02% of the blade chord. Prism layers are employed around the blade walls to
control the Y+ to be less than 1 to capture the boundary layer’s viscous sublayer.
The prism layers’ total thickness is 0.095%, including eight layers of structure mesh
at a growth ratio of 1.1. Figure 3-4 shows the Y+ is less than 1 in all locations of
solid boundaries. After a smooth transition, the element size gradually expands to
the size of 7.8% of the chord on the periodic, inlet, and exit boundaries. The overall
mesh size is about 240,000 cells.
Sovling Technique and Turbulence Models
Pressure-based implicit solver and SIMPLE algorithm for pressure velocity coupling
are selected, and simulations are performed using the standard discretization for
36

(a) Mesh round the rotor blade

(b) Mesh round
leading-edge

the

rotor (c) Mesh round the rotor trailingedge

Figure 3-3: Illustration of mesh

37

Figure 3-4: Y+
pressure and second-order upwind discretization for the momentum and turbulence
parameters. Convergence criteria are set to be 10−6 for all parameters. All calculations are done using the steady solver. Later results will show that the blade will not
completely stall in the AOA range of study, and thus the assumption of steady flow
is valid.
As mentioned earlier, three turbulence models are tested to compare with the
NACA test results, including the K-Omega SST, Spalart-Allmaras, and Transition
SST. The details of the turbulence models are shown in Fig. 3-5.
Figure 3-6 shows the residual vs. number of iteration. Every calculation is run
with the first-order accuracy initially to speed up the running speed. After the solution converges, the order of accuracy will be switch to second-order.
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(a) K-Omega SST

(b) Spalart-Allmaras

(c) Transition SST

Figure 3-5: Turbulence models
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Figure 3-6: Residual
Results
As a result, Fig. 3-7 shows a comparison of the relative velocity magnitude contours of
the K-Omega SST model prediction (top), Spalart-Allmaras model prediction (middle), and the Transition SST model prediction (bottom) at multiple operating points.
Recall that the design AOA is 12.1◦ . The figure shows qualitatively that the SpalartAllmaras and Transition SST models predict similar flow fields around the rotor
blades. Therefore, identical rotor performance predictions are expected from these
two models. The K-Omega SST model predicts a thicker boundary layer. Especially
in the 21.1◦ case, the K-Omega SST model predicts a flow separation at the blade
trailing-edge while it is not apparent in the other two turbulence model predictions
(comparing 3-7(c), (f), and (i)).
Next, Fig. 3-8 shows comparisons of the flow turning angle and the loss coefficient
between the experimental data taken from the NACA experiment and the CFD results
predicted by the K-Omega SST, Spalart-Allmaras, and the Transition SST turbulence
models. Figure 3-8(a) indicates that the turning predictions agree very well with the
NACA experiment data for all three turbulence models around the design point.
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(a) K-Omega SST φ=0.3

(b) K-Omega SST φ=0.35

(c) K-Omega SST φ=0.39

(d) Spalart-Allmaras φ=0.3

(e) Spalart-Allmaras φ=0.35

(f) Spalart-Allmaras φ=0.39

(g) Transition SST φ=0.3

(h) Transition SST φ=0.35

(i) Transition SST φ=0.39

Figure 3-7: Relative velocity contours
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A deficit between the experiment data and the CFD prediction shows up at high
flow turning. From the drag coefficient comparison (Fig. 3-8(b)), the prediction of
the Transitional turbulence model agrees the best with the experimental data near
the design point. The Spalart-Allmaras turbulence model overpredicts the drag by
28%, and the K-Omega SST turbulence model overpredicts the drag by 37%. The
comparisons suggest that all three turbulence models predict the flow turning well,
and the Transition turbulence model predicts drag the best.
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Figure 3-8: Comparison of (a) flow turning & (b) drag coefficient

3.3.3

Validation Study for NACA65-410

Computational Model
NACA65-410 cascade [13] is the second geometry of study. The cascade blades are
set at a stagger angle of 38.9◦ and a solidity (s/c) of 1 [36]. The design flow inlet
angle is 45◦ , which gives the design AOA of 6.1◦ . The Reynolds number based on the
inlet velocity and the chord of the cascade is 245,000, where the velocity of the inlet
flow is 29 m/s, and the chord of the cascade is 0.127 m.
The computational model is shown in Fig. 3-9. The computational model setup
is similar to the NACA65-(12A10)10 validation study. The inlet and the outlet are
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at least 1.5 times of blade chord away from the blade leading-edge and trailing-edge.
A velocity-inlet boundary condition is specified at the computational domain inlet.
The velocity magnitude is specified to 29 m/s, and direction is defined in a 45◦ angle.
At the outlet station, the pressure-outlet boundary condition is employed. The gauge
pressure is set to be zero, which implies atmospheric pressure at the exit. The periodic
cascade condition is simulated by employ periodic boundary conditions. A constant
air density of 1.225 kg/m3 is used for all simulations.
In order to test a range of AOA, the blade stagger angle is varied by rotating
the blade around the blade leading-edge. Figure 3-9(b) shows the computational
geometries. A zoomed-in view of the multiple blade settings is shown in Fig. 3-9(c)

(a) Computational domain

(b) Illustration of stagger angle variation

(c) Zoome-in illustration of stagger angle variation

Figure 3-9: Computational model

Meshing
The mesh is generated by using ANSYS Meshing. The cell size is small near the
blade wall to resolve the flow details (Fig. 3-10(a)). At the blade wall, the element
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size is 0.02% of the blade chord. The employment of prism layers around the blade
walls controls the Y+ to be less than 1 in order to capture the viscous sublayer in the
boundary layer. The prism layers’ total thickness is 0.095%, including eight layers of
structure mesh at a growth ratio of 1.1. After a smooth transition, the element size
gradually expands to the size of 7.8% of the chord on the periodic, inlet, and exit
boundaries. The overall mesh size is about 240,000.

(a) Mesh round the rotor blade

(b) Mesh round the rotor (c) Mesh round
leading-edge
trailing-edge

Figure 3-10: Illustration of mesh
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the

rotor

Results
The computational results are compared with the NACA test results, including the
K-Omega SST, Spalart-Allmaras, and Transition SST models. Figure 3-11 shows a
comparison of the relative velocity magnitude contours of the K-Omega SST model
prediction (top), Spalart-Allmaras model prediction (middle), and the Transition SST
model prediction (bottom) at multiple operating points. Recall that the design AOA
is 6.1◦ . The figure shows qualitatively that the Spalart-Allmaras model and the
Transition SST model predict similar flow fields around rotor blades, so identical
rotor performances are expected. The K-Omega SST model predicts relatively thicker
boundary layers. Especially Figure 3-11(c) shows a much thicker boundary layer than
(f) and (i). The K-Omega SST model predicts a flow separation at the blade trailingedge, while it is not apparent in the other two turbulence model predictions.

(a) K-Omega SST φ=0.3

(b) K-Omega SST φ=0.35

(c) K-Omega SST φ=0.39

(d) Spalart-Allmaras φ=0.3

(e) Spalart-Allmaras φ=0.35

(f) Spalart-Allmaras φ=0.39

(g) Transition SST φ=0.3

(h) Transition SST φ=0.35

(i) Transition SST φ=0.39

Figure 3-11: Relative velocity contours
Then, Fig. 3-12 shows show comparisons of the flow turning angle and the loss
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coefficient between the experimental data taken from the NACA experiment and the
CFD results predicted by the K-Omega SST, Spalart-Allmaras, and the Transition
SST turbulence models. Figure 3-12(a) indicates that the turning predictions agree
very well with the NACA experiment data in all three turbulence models around
the design point. A deficit between the experiment data and the CFD prediction
shows up at the high flow turning condition. Therefore, the Spalart-Allmaras and the
Transition SST turbulence models give better results than the K-Omega SST model
for this validation test case.
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Figure 3-12: Comparison of (a) flow turning & (b) drag coefficient

3.3.4

Discussion

This turbulence model study shows that the Spalart-Allmaras and the Transition SST
turbulence models predict accurate flow turning, but the loss prediction is slightly
off. However, the big picture of this research aims to study the flow interaction effect
between the fan and the surrounding components with high flow resistance (i.e., the
HRM), i.e., the loss across the HRM is much larger than blade profile loss. Therefore,
the Spalart-Allmaras and the Transition SST turbulence models fulfill this research.
Note that the K-Omega SST model predicted results are off when there is separation
on the blade surface, which is not an acceptable turbulence model for this research. In
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the next section, the three turbulence models are further evaluated in close-coupled
configurations.
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3.4

Turbulence Model Comparison in Close-Coupled
Rotor/Stator-HRM System

This section will compare the CFD results predicted by the three turbulence models studied in the previous section, including Spalart-Allmaras, K-Omega SST, and
Transition SST turbulence models, in close-coupled rotor/stator-HRM configurations.
Three configurations are evaluated, including two draw-through (HRM/fan integration) configurations in which the HRM are 2.5% and 5% of the rotor blade chord
upstream of the rotor and one blow-through (stator/HRM integration) configuration
in which the HRM is 5% of the stator blade chord downstream of the stator.

3.4.1

Draw-Through Configuration I - HRM/Fan Integration
with 2.5% Gap

Firstly, the HRM/Fan integration with a 2.5% gap is investigated. An HRM is 2.5%
of the rotor blade chord upstream of the rotor. As a result, Fig. 3-13 shows a
comparison of the relative velocity magnitude contours of the K-Omega SST model
prediction (top), Spalart-Allmaras model prediction (middle), and the Transition SST
model prediction (bottom) at multiple operating points. Similar to the previous
NACA cascade study, the figure shows qualitatively that the Spalart-Allmaras and
Transition SST models predict similar flow fields around the rotor blades. Therefore,
identical rotor performances are expected. The K-Omega SST model predicts much
thicker boundary layers. Especially in the φ = 0.35 case, the K-Omega SST model
predicts flow separation to occur at the blade trailing-edge, while it is not apparent
in the other two turbulence models.
Fan static pressure rise and static efficiency are quantitatively compared (Fig.
3-14). This comparison suggests that the Spalart-Allmaras and the Transition SST
turbulence models predict very similar solutions. In contrast, the K-Omega SST
48

(a) K-Omega SST φ=0.3

(b) K-Omega SST φ=0.35

(c) K-Omega SST φ=0.39

(d) Spalart-Allmaras φ=0.3

(e) Spalart-Allmaras φ=0.35

(f) Spalart-Allmaras φ=0.39

(g) Transition SST φ=0.3

(h) Transition SST φ=0.35

(i) Transition SST φ=0.39

Figure 3-13: Relative velocity contours

49

model is significantly different. For example, when comparing the static pressure rise,
Fig. 3-14(a) shows the Spalar-Allmaras and the Transition SST turbulence models
predict a static pressure coefficient of 0.6. In contrast, the K-Omega SST model
predicts 0.47. Figure 3-14(b) shows the same story that the Spalart-Allmaras and
the Transition SST turbulence models predictions are close, and the K-Omega SST
model predictions are much lower. Recall that the Transition SST turbulence model
validation comparisons with the NACA test data were excellent. Therefore, we can
conclude that the Spalart-Allmaras and the Transition SST turbulence models fulfill
the later fan-HRM interaction study accuracy requirement.
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Figure 3-14: Comparison of (a) static pressure rise & (b) static efficiency
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0.4

3.4.2

Draw-Through Configuration II - HRM/Fan Integration with 5% Gap

Next, the HRM/Fan integration with a 5% gap is investigated. An HRM is 5% of the
rotor blade chord upstream of the rotor. As a result, Fig. 3-15 shows a comparison
of the relative velocity magnitude contours of the K-Omega SST model prediction
(top), Spalart-Allmaras model prediction (middle), and the Transition SST model
prediction (bottom) at multiple operating points. The figure shows a similar trend to
the HRM/fan 2.5% gap configuration, i.e., qualitatively the Spalart-Allmaras model,
and the Transition SST model predicts very similar flow fields around the rotor blades.
In contrast, the K-Omega SST model predicts a much thicker boundary layer on the
blade surfaces than the other two turbulence models.
Figure 3-16 shows the quantitative comparison of fan static pressure rise and static
efficiency. These comparisons show that the Spalart-Allmaras and the Transition
SST turbulence models predict very similar solutions. In contrast, the K-Omega SST
model predictions are again lower than the other two. This comparison confirms
the previous conclusion that the Spalart-Allmaras and the Transition SST turbulence
models are reliable for in our fan-HRM interaction study.
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(a) K-Omega SST φ=0.3

(b) K-Omega SST φ=0.35

(c) K-Omega SST φ=0.39

(d) Spalart-Allmaras φ=0.3

(e) Spalart-Allmaras φ=0.35

(f) Spalart-Allmaras φ=0.39

(g) Transition SST φ=0.3

(h) Transition SST φ=0.35

(i) Transition SST φ=0.39

Figure 3-15: Relative velocity contours
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Figure 3-16: Comparison of (a) static pressure rise & (b) static efficiency

3.4.3

Blow-Through Configuration - Stator-HRM Integration with 5% Gap

Finally, the stator/HRM integration with a 5% gap is investigated. An HRM is 5%
of the stator blade chord downstream of the stator. As a result, Fig. 3-17 shows a
comparison of the relative velocity magnitude contours of the K-Omega SST model
prediction (top), Spalart-Allmaras model prediction (middle), and the Transition
SST model prediction (bottom) at multiple operating points. The figure shows a
similar trend to the draw-through configurations, which qualitatively shows that the
Spalart-Allmaras and the Transition SST models predict similar flow fields around
the rotor blades. The K-Omega SST model predicts a thicker boundary layer. Figure
3-18 shows the comparisons of the stator static pressure rise, suggesting the SpalartAllmaras and the Transition SST turbulence models predict similar solutions. In
contrast, the K-Omega SST model predictions are lower compared to the other two.
Therefore, this comparison confirms that the Spalart-Allmaras and the Transition
SST turbulence models are reliable for the stator-HRM interaction study.
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(a) K-Omega SST inlet flow (b) K-Omega SST inlet flow (c) K-Omega SST inlet flow
angle=50◦
angle=55◦
angle=60◦

(d) Spalart-Allmaras inlet flow (e) Spalart-Allmaras inlet flow (f) Spalart-Allmaras inlet flow
angle=50◦
angle=55◦
angle=60◦

(g) Transition SST inlet flow (h) Transition SST inlet flow (i) Transition SST inlet flow
angle=50◦
angle=55◦
angle=60◦

Figure 3-17: Velocity contours in the absolute frame
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3.4.4

Discussion

In summary, the turbulence models investigation in close-coupled configurations agrees
with the previous rotor alone conclusion. The Spalart-Allmaras and the Transition
SST turbulence models predict the best results, with the latter predicting slightly
better results than the former. Note that the Spalart-Allmaras model solves one
equation for turbulence calculation, and Transition SST solves four equations for turbulence calculation. Therefore, the Spalart-Allmaras model has the advantage of low
computational cost. For this reason, all calculations will use the Spalart-Allmaras
turbulence model in the later studies.
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3.5

Solver Techniques

The method of setting up a CFD calculation affects accuracy and computational cost.
Since this study involves a rotor, it is crucial to simulate relative motions between
components accurately. This section will compare different computational techniques
available in the ANSYS Fluent solver, including solving in the relative frame, the
multi-reference frame (MRF) technique [22], the mixing plane technique [14], and the
sliding mesh technique [40]. The first three approaches are steady simulations, and the
sliding mesh technique is unsteady time-accurate. The sliding mesh technique is the
most accurate. However, the computational cost is much higher than the other three
steady-state techniques. In particular, using a 6-core PC, the sliding mesh technique
typically takes 50 times longer than the other three steady-state techniques for a 2-D
cascade computation.

3.5.1

Relative Frame VS. MRF VS. Mixing Plane VS. Sliding Mesh

Relative frame, MRF, mixing plane, and sliding mesh techniques are applied to an
identical fan alone configuration. The computational domain is divided into three
domains, and interfaces connect them. First, in the relative frame case, all three
domains are solved in the relative frame. The relative velocity is specified at the
inlet. Similarly, in the MRF case, all three domains are specified to be rotational
frames. Axial velocity is specified at the inlet. Next, in the mixing plane case, the
mixing plane locates at upstream of the fan rotor domain. Finally, in the Sliding
mesh case, the sliding interface locates at upstream of the fan rotor near the fan
leading-edge.
As a result, Fig. 3-19 shows a comparison of the relative velocity magnitude
contours. This figure suggests the mixing plane case predicts a much thicker boundary
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layer than other cases, which implies that the mixing plan technique is inaccurate in
the problem setup. The source of error will be discussed in the following section. The
relative frame, MRF technique, and the sliding mesh cases predict nearly identical
results. Since the relative frame solution is always robust, the reliability of the sliding
mesh technique is automatically approved. The MRF technique with the introduced
setup predicts an accurate result as well. However, a later study will show that the
MRF technique will not be reliable in other setups.

(a) Relative frame

(b) MRF

(c) Mixing plane

(d) Sliding mesh

Figure 3-19: Relative velocity contours
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3.5.2

Problem of Mixing Plane Technique

Two calculations are compared to illustrate the weakness of the mixing plane technique. The two cases have the same computational domain and the inlet and outlet
boundary conditions. The computational domain is divided into three domains, and
interfaces connect them. The two cases have a different setup which is the interface
location. The interface locates between the first and second domain for the far interface case, and the interface locates between the second and third domain for the
close interface case. Figure 3-20 shows that the two solutions are very different, which
implies that the solution is highly dependent on the location of the interface. Since
data are transferred between interfaces by averaging and interpolation, the method
is inaccurate when the interface is located at a plane where flow gradients are large.

(a) Far interface case

(b) Close interface case

Figure 3-20: Relative velocity contours
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3.5.3

Problem of Multi-Reference Frame Technique

Following the same procedure in the study of the effect of interface location in the
mixing plane technique, the MRF results using three interface locations are compared.
The computational domain is divided into three domains, and interfaces connect
them. Three cases include 1. all domains in the relative frame (interface locates at
the inlet), 2. third domain in the relative frame (interface locates between the first
and second domain), and 3. second and third domain in the relative frame (interface
locates between the second and third domain). Figure 3-21 shows the three solutions
are quite different, which implies that the MRF solution is highly dependent on the
location of the interface when using the MRF technique.

3.5.4

Discussion

In summary, four solving techniques are investigated in this section, including relative
frame, MRF, mixing plane, and sliding mesh techniques. Solving in the relative
frame predicts accurate results. However, it is not feasible for this close-coupling flow
interaction study since the HRM has to be stationary. Regarding the MRF and mixing
plane techniques, an interface is located between the rotational and non-rotational
domains. Since we are particularly interested in close-coupled configurations, the
interface will be very close to the fan leading-edge or trailing-edge. Previous results
show that the MRF and mixing plane techniques solution are poor when the interface
locates at a high gradient region. Therefore, the MRF and mixing plane techniques
are not feasible for the study neither. The sliding mesh technique is one and the only
one that should be used to study the close-coupled configuration.
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(a) All domains in relative frame

(b) Third domain in relative frame

(c) Second and third domain in relative frame

Figure 3-21: Relative velocity contours
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3.6

Post Processing Technique (Averaging)

Parameters like total pressure rise, static pressure rise, and efficiencies are used to
quantify fan performance. Since we fouce on the close-coupling comfigurations, at
the location of intereted, the flow field is highly non-uniform in both radially and
circumferentially. Therefore, averaging techniques are required to obtain a single
"global" value for the performance map. The most accurate averaging technique is
mass flow weighted average. This quantity is computed by dividing the summation
of the value of the selected field variable multiplied by the absolute value of the dot
product of the facet area and momentum vectors by the summation of the absolute
value of the dot product of the facet area and momentum vectors (surface mass flux):
,

-

-

-

-

.n
" -" i -ρφ -"v · dA
"i · dA
i=1 ρi φi -v
- = .
, -n
" -" i -ρ -"v · dA
ρi --v"i · dA

(3.24)

i=1

As discussed in the previous section, only the sliding mesh technique can predict
accurate results. One has to employ this unsteady solver in all calculations except
the fan alone configuration, even in the configurations where the solution is steady
(e.g., in the configuration that an HRM places in front of the fan). An unsteady solver
is required when we study the stage performance since the solutions are expected to
be time-dependent. Therefore, time-averaging is needed.
Time-averaged mass flow-averaged data also can be acquired directly from ANSYS
Fluent. Suppose you enable the Data Sampling for Time Statistics option in the Run
Calculation Task Page. In that case, ANSYS Fluent will compute the time average
(mean) of the instantaneous values, the root-mean-square, and the root-mean-squareerrors of those quantities and custom field functions that are enabled/selected in the
Sampling Options dialog box.
The Sampled Time field displays the time period over which data has been sampled
for the post-processing of the mean and RMSE values. As long as the time step size
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has been constant, dividing this by the time step size yields the number of data sets
that have been collected. If the time step size is varied, every contribution of the
data sets sampled is automatically weighted by the current time step size. Note that
the sequence of doing average matters in ANSYS Fluent. The correct way is to do a
mass-weighted average for every step and then a time average.
Important: to do mass-weighted average on the ANSYS Fluent mean quantities
is not meaningful since the velocity is instantaneous. Recall in the definition of massweighted average. The instantaneous velocity is used. However, we can still use
ANSYS Fluent direct output time-averaged mass-weighted average quantities. One
will first define a mass-weighted average report of the desire quantities. Then, one
needs to define a user-defined function of the created report. Next, we will select the
UDF in the Sampling Options dialog box so that ANSYS Fluent will compute the
time-averaged mass-weighted average quantities. Finally, if we want to monitor the
quantity, we can create an area-weighted average report. By definition, the area will
cancel out; therefore, the printed value will be the numbers we desire.
n
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(3.25)

(3.26)

(3.27)

3.7

Blade Loading Characterization - Diffusion Factor

Lieblein, Schwenk, and Broderick (1953) developed the diffusion factor (DF) based
on a theoretical surface velocity distribution similar to those actually measured on
the NACA 65 Series and the British C4 Series cascades. DF is a parameter that
quantifies the diffusion level (or the adverse pressure level) on the compressor blade
surface. A high diffusion level blade tends to produce thick boundary layers and flow
separation. Thick boundary layers and flow separation correspond to a high loss in
total pressure, low efficiency, and low turning (or a low pressure rise).
DF = (1 −

C2
Cθ1 − Cθ2 s
)+(
)
C1
2C 1
c

(3.28)

For incompressible flow, an experimental correlation for DF is
DF = (1 −

cosα1
cosα1
s
)+
(tanα1 − tanα2 )
cosα2
2
c

(3.29)

(1 − cosα1 /cosα2 ), the first term on the right hand side represents flow decelerate in
the flow passage. In the second term,

cosα1
(tanα1
2

− tanα2 ), represents flow turning,

and sc , space to chord ratio, is an important parameter that describes how well the
blades guide the flow. The Lieblein diffusion factor is defined by only upstream and
downstream flow angles and the spacing-to-chord ratio, and is therefore very useful
for preliminary design purpose.
Lieblein shows that when the diffusion factor exceeds 0.6, the flow starts to separate on the blade suction surface so that the loss in a blade row increases rapidly.
Typically, the diffusion factor around 0.4 is considered a conservative well-designed
blade with moderate loading, and 0.55 is regarded as the upper limit.

63

3.8

Experimental Facility

A low-speed wind tunnel available at Syracuse University (SU) is used to perform experiments. This wind tunnel is designed in accordance with Air Movement and Control Association Inc. (AMCA) 210 Review Committee and the American Society of
Heating Refrigerating and Air-Conditioning Engineers, Inc. (ASHRAE) 51-75R Committee published the standard ANSI/AMCA STANDARD 210-85 or ANSI/ASHRAE
STANDARD 51-1985 [5]. This standard provides rules for fan testing under laboratory conditions and establishes uniform methods for the laboratory testing of fans
and other air moving devices to determine their performance in terms of rotational
speed, flow rate, pressure, power input, air conditions, and efficiency. Fan manufacturers, users, and general interest groups have widely accepted the testing rules and
methods.
A schematic diagram of the SU wind tunnel is shown in Fig. 3-22, and a picture
is presented in Fig. 3-23. It contains the following components.

Figure 3-22: Schematic diagram of SU wind tunnel
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Figure 3-23: SU wind tunnel

3.8.1

Test Section

The SU fan tunnel is capable of testing fans up to 300 mm in diameter. The target
fan or fan system will be introduced in detail in Chapter 4.

3.8.2

Pressure Measuring Duct

A pressure measuring duct with a plane for pressure measurements is built downstream of the fan. Tsi 5815 and Tsi 5825 transducers are used to take the measurements. The static/differential pressure transducer has a range from -15 to +15 in.
water (-28.0 to +28.0 mm Hg, -3735 to +3735 Pa), accuracy: ±1% of reading ±0.005
in. water (±0.01 mm Hg, ±1 Pa), and resolution: 0.001 in. water (1 Pa, 0.01 mm
Hg).
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3.8.3

Settling Means

Straighteners present to stabilize and uniformize the flow so that streamlines will
be approximately parallel to the duct axis. The condition of parallel streamlines is
essential for correct measurements since the pressure transducers are taken at the
duct wall. According to the standard, the setting means can be steel wire screens of
50-60 % open ratio. The steel wire screen with an open ratio of 55.4% and 0.032"
wire diameter was selected from a standard catalog which yields a resistance factor
K in the range from 2-8.

3.8.4

Flow Measuring Duct

In order to measure the flow rate, calibrated nozzles are placed in the tunnel. The
flow rate can be calculated from Bernoulli’s principle with corrections by measuring
the pressure difference across the nozzle. The equation is as the following.
(πDt2 /4)

Q=C√

1−β 4

0

2#p
,
ρ

β≡

Dt
Di

Where C is a correction
1

C = 0.9975 − 6.53

β
ReDi

Flowrate is calibrated with the pressure and nozzle size Dt . Three nozzles are used
in SU fan tunnel, 1.5", 2.5" and 4" able to test a wide range of flow rate from 0 to
300+ CFM.
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3.8.5

Auxiliary Fans

Auxiliary fans are used to control the point of operation of the test fan. They are
designed to provide sufficient pressure at the desired flow rate to overcome losses
through the test setup.
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Chapter 4
Preliminary Study on Server
Cooling Fan
4.1
4.1.1

Experimental Study
Baseline Case and Validation of the Experimental Setup

The fan used in this study is the Ebm-Papst 4114 N/2H6 server cooling fan (Fig. 41). This fan has a rather large hub-to-tip diameter ratio of 0.533, and the design flow
coefficient at the blade tip is 0.3. There are two main reasons for examining this fan.
First, Ebm-Papst fans are high-performance cooling fans that are often used in the
high-end computer server industry. Second, the size of this fan fits the SU fan tunnel
for testing purposes, which is 119 mm × 119 mm × 38 mm. The diameter of the

tunnel is 0.6 m. Hence, the area ratio between the fan and downstream ducts is 1:25,
which is higher than the ASHRAE standard of 1:16. Finally, the fan performance
curve is provided by the manufacturer, which is valuable reference data for doing
experimental and CFD validation studies (Fig. 4-2).
An experiment is performed to reproduce the Ebm-Papst 4114 N/2H6 fan performance map provided by the manufacturer. Since the exact test set-up used by
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Figure 4-1: Ebm-Papst 4114 N/2H6

Figure 4-2: Fan performance map

Operation condition
Design flow rate
Design static pressure
Max. free-air flow (∆P =0 / Q =max.)
Max. static pressure (∆P =max. / Q=0)
Table 4.1: Fan specifications
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8400 1/min
335 m3/h
242 Pa
440 m3/h
795 Pa

Ebm-Papst is not clear for us, two test set-ups, a fan alone and a fan with nozzle
inlet, are constructed. The data measured from these two set-ups are then compared
against the manufacturer data.
The first test configuration is fan alone set-up, which is shown in Fig. 4-3. The
incoming flow comes from all flow directions (i.e., the fan acts as a sink). The experimental set-up is shown in Fig. 4-4.

Figure 4-3: Fan alone configuration
The second test configuration is shown in Fig. 4-5, which is a combination of
the fan and an upstream nozzle. The upstream nozzle guides the incoming flow into
the fan in the axial direction. The experimental set-up is shown in Fig. 4-6. This
configuration represents the flow condition corresponding to a cooling fan installed
internally in a compact server computer (e.g., a 1U server box). Later in this section,
the fan with nozzle configuration will be used as the baseline case for comparison
studies.
As a result, the fan static pressure rise is compared in Fig. 4-7. All data is normalized by the design point suggested by the Ebm-Papst data specification sheet. This
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Figure 4-4: Fan alone experiment set-up

Figure 4-5: Fan with nozzle configuration
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Figure 4-6: Fan with nozzle experiment set-up
comparison shows that both fan alone configuration and fan with nozzle configuration
data agree well with the Ebm-Papst provided test data. We are confident that our
test set-up yields accurate data since we may not have the exact experiment set-up
used in the Ebm-Papst fan performance tests. Note, the Ebm-Papst given optimal
operation point does not fall on the fan performance curve. This disagreement may
imply the fan curve provided by the manufacturer be not reliable, which could be
another source causing the slight difference between the Ebm-Papst fan curve and
our experiment results.
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Figure 4-7: Fan pressure rise comparison

4.1.2

Experimental Study of the Fan-HRM Interaction

Determination of Pressure Drop Across HRM
Since we are interested in the flow interaction between the fan and surrounding components, it is crucial to quantify the aerodynamic data of the surrounding components. Heat-exchangers are most common for the HVAC industry, which acts as a
flow resistance that causes a significant pressure drop across it. The flow resistance
factor (or K factor) is generally high for a heat-exchanger; K is around 8 for each row
of heat-exchanger in an air handling unit, and K is approximately 12 in computer
servers. We note that perforated plates have the same fluid-dynamic characteristics as
the heat-exchangers with respect to pressure drop. Therefore we will use perforated
plates in our experiment to represent heat-exchangers or computer cooling fins.
The K-value of the perforated plate used in the experiment is measured in this
study. In order to measure it accurately, the incoming flow to the perforated plate
needs to be uniform. Therefore, before experimenting, we first perform simple 2-D
CFD calculations to evaluate the boundary layer thickness at the perforated plates’
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location in the experimental set-up. The computational geometry is shown in Fig.
4-8. Figure 4-9 shows the velocity profile at the location of the perforated plate. This
figure indicates that, without the HRM, the boundary layer thickness is less than 8%
of the nozzle radius. When the HRM is included in the CFD calculation, the velocity
profile entering the HRM is more uniform. Therefore, a pressure drop measurement
of a perforated plate will be reliable in the exact location as the CFD calculation.

Figure 4-8: Geometry of boundary layer thickness investigation
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Figure 4-9: Velocity profile at the location of HRMs placing
After confirming the incoming flow to the HRM will be nearly uniform from CFD
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simulation, an experiment is set up as shown in Fig. 4-10. The perforated plate K
factor is estimated by the following equation based on the perforated plate’s open
area percentage (f).
K = [0.707(1 − f )0.375 + 1 − f ]2

1
f2

(4.1)

Figure 4-11 shows the measured data (red dots) and the curve-fit result (black curve)
of the perforated plate used in the experiment. The K factor from the experiment is
7.37, which is close to the estimated value of K=8.

Figure 4-10: Perforated plate pressure drop experiment set-up
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Figure 4-11: Loss curve
Fan-HRM Experiment
First, we investigate the draw-through configurations (the arrangement where HRM
(perforated plate for this case) is placed upstream of the fan). Two configurations
are compared to understand the effect of fan-HRM interaction on fan performance.
The first configuration is where an HRM is put in front of the fan, attaching the case
(Fig. 4-12). The separation distance between the HRM and the fan leading-edge is
24.6% of the fan mid-span chord. The 24.6% separation gap is the smallest gap one
can have due to the size of the electric motor driving the fan. In this configuration,
there is no flow going through the perforated plate in the hub area. Therefore, the
effective HRM flow area is the area between the hub and the tip. We will compare
the system performance of this configuration with the baseline case with a correction.
The correction (will be called baseline correction I in later discussions) is made by
calculating the minimum pressure drop across the HRM, assuming that uniform flow
goes through the effective area. Photos of the experimental set-up are shown in Fig.
4-13. Note that accurate static pressure measurements between an HRM and a fan
are nearly impossible in a close-coupled configuration since the pressure distribution
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is highly nonuniform in both axial and radial directions. Therefore, quantifying the
fan performance is troublesome. In this study, system performance is measured for
comparison.

Figure 4-12: Experiment configuration - HRM/fan I
As a result, Fig. 4-14 shows the fan system static pressure difference comparison
between the HRM/fan with 24.6% gap case (will be called 24.6% case in later discussions) and the baseline correction I. All data are normalized to the design point
suggested by the Ebm-Papst data specification sheet. This comparison shows that
the measured system static pressure rise for the two cases is nearly identical in all
flow range except for the very low flow coefficient. There are two plausible hypotheses
for explaining the results. One is that there is no significant flow interaction effect
between the HRM. Another is that the actual pressure loss across the HRM is higher
than the estimation in baseline correction I, and the fan produces more pressure rise
because of the interaction. We assume uniform incoming flow to the fan in baseline
correction I, which predicts the minimum loss. Therefore, any non-uniformity will
cause an increment in the loss. The fan pressure rise must also increase to balance
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Figure 4-13: HRM/fan configuration I experiment set-up
the additional loss. Here, we believe the first hypothesis is the actual happening. In
a later chapter, we will show that the interaction effect is significant at very small
gaps. A 24.6% gap may be too large for a significant interaction effect.
Next, multiple separation gaps between the HRM and the fan are investigated.
Figure 4-15 shows the two additional experimental set-ups in which the separation
distance are 35.8% and 47% of the fan mid-span chord. The system static pressure
difference is compared in Fig. 4-16. This comparison clearly shows that the system
pressure difference in the 35.8% and 47% chord cases is nearly identical. They are
both much higher than the 24.6% case. The reason is trivial. As the separation
gap becomes larger, flow can enter the HRM through the hub region. Therefore,
the effective flow area increases, and hence the average velocity across the HRM
decreases. As the pressure drop across a resistance is proportional to velocity square,
the pressure loss across the HRM is dramatically reduced. In addition to the baseline
corrected I, a baseline corrected II is defined for the purpose of comparing the fan
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Figure 4-14: Comparison of system pressure difference
alone configuration and the close-coupled configurations. The baseline corrected II
corresponds to the case where the effective flow area through the HRM is the full HRM
face area. The results clearly show no significant flow interaction effects between the
HRM and the fan are observed in the 35.8% and 47% cases.
A similar study is performed for the blow-through configuration (the arrangement
where the HRM is placed downstream of the fan). Two configurations are compared
to understand the effect of fan-HRM interaction on fan performance. The first configuration is when the HRM is placed behind the fan hub with no gap (Fig. 4-17). The
other configuration is the baseline case. In this test, the perforated plate is able to
be put very close to the fan trailing-edge as the fan sits very deeply in the case. The
separation distance between the perforated plate and the fan leading-edge is 3.5% of
the fan mid-span chord. Pictures of the experimental set-up are shown in Fig. 4-18.
In this configuration, no flow will go through the hub region. Therefore, the effective
flow area through the HRM is the area between the hub and the tip. Again, we will
compare the system performance of this configuration against the baseline case with
a correction. The definition of the correction is the same as in the draw-through
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Figure 4-15: Experiment configuration - HRM/fan II & III
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Figure 4-16: Comparison of system pressure difference
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configuration, which estimated the pressure drop across the HRM by assuming that
uniform flow goes through the effective flow area (baseline correction I).

Figure 4-17: Experiment configuration - fan/HRM I
The fan system static pressure difference is compared in Fig. 4-19. All data
is normalized by the design point suggested by the Ebm-Papst data specification
sheet. This comparison shows that the corrected baseline case predicts a higher static
pressure difference for all flow coefficients. In other words, the system performance is
negatively impacted by the presence of the HRM.
Similar to the draw-through configuration study, multiple separation gaps between
the HRM and the fan are investigated. Figure 4-20 shows the three additional experimental set-ups with a separation distance of 14.7%, 26%, and 645.7% of the fan
mid-span chord. As a result, the system static pressure differences are compared with
baseline case (baseline correction I and II) in Fig. 4-21. This figure firstly suggests
that the fan/HRM configuration always hurts system performance; in all separation
gaps, the system pressure rises are lower than the baseline correction II. The reason
for this considerable decline in system pressure rise will be discussed systematically
in the following chapters. In a nutshell, the fan generates swirl velocity, which is
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Figure 4-18: Fan/HRM configuration I experiment set-up
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Figure 4-19: Comparison of system pressure difference
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an additional velocity component that goes to the HRM. The higher velocity that
goes into the HRM induces a more significant pressure loss. Therefore the system
pressure rise is reduced. Secondly, the system pressure rise increase significantly with
the separation gap increases up to 26% gap. The reason is introduced earlier in this
section, which is because of the effective flow area increment. When keep increasing
the gap from 26% gap, the system pressure rises only increase slightly (comparing the
645.7% case and the 26% case). The reason for this small increment is the dissipation
of swirl velocity. Slightly lower velocity coming to the HRM leading a lower pressure
loss.
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Figure 4-20: Experiment configuration - HRM/fan II, III & IV
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Figure 4-21: Comparison of system pressure difference

4.1.3

Experimental Study of the Fan-Grill Interaction

Protection grills are prevalent, sometimes required, to be installed on fans (Fig. 4-22).
They are used for safety reasons at the fan inlet and/or outlet. In industry, the effect
of the grill on the fan performance is often overlooked, as the resistance factor for the
grill element is usually small. However, we expect that the grills will distort the flow
affecting the fan performance. Therefore, we set up two experiments to understand
the fan and grill interaction effect, including the K factor and fan-grill tests.
Determination of Pressure Drop Across Protection Grills
For the first step, the K factor of a grill is measured. Following the same procedure
as we did for the perforated plate, we measure the K factor of the grill shown in Fig.
4-22. Figure 4-23 shows the measured data (red dots) and the curve-fit result (black
curve). As expected, the K factor is small, and the value is K=1.47.
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Figure 4-22: Geometry of grills
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Figure 4-23: Loss curve
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8

10

Fan-Grill Experiment
Next, we investigate the effect of fan-grill interaction on fan performance. Two configurations are compared to the corrected baseline case. The two configurations include
a fan with a grill placed in front of the fan (Fig. 4-24(a)) and a fan with a grill placed
behind the fan (Fig. 4-24(b)). The experimental set-ups are shown in Fig. 4-25.

Figure 4-24: Experimental configuration - grills/fan & fan/grills
Figure 4-26(a) and (b) show the system performance comparison, and Figure 426(c) and (d) shows the corrected system performance comparison. Figure 4-26(a)
and (b) show that the baseline configuration (fan alone) predicts the highest static
pressure rise, the grill/fan configuration is in between, and the fan/grill configuration
predicts the lowest static pressure rise. The difference is noticeable. For example, at
the design point (flow coefficient =1), the grill/fan configuration static pressure rise
prediction is 10% lower than the baseline configuration, and the fan/grill configuration
is 20% lower than the baseline configuration. These results suggest that one cannot
neglect the grill’s effect on system performance.
Next, the corrected baseline is used for comparison. Figure 4-26(c) and (d) show
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Figure 4-25: Grills/fan & fan/grills experimental set-up
that the corrected baseline case predicts a nearly identical system pressure difference to the case of the downstream grill. Another observation is that the case with
grill placed in front of the fan gives the best system performance, which implies the
interaction with the grill potentially helps fan performance.
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Figure 4-26: Comparison of system pressure difference
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4.2

3-D Computational Study

4.2.1

Baseline Case and Validation

This section presents 3-D CFD predictions of the Ebm-Papst 4114 N/2H6 server
cooling fan, which is discussed in the previous sections. The purpose of this study
is to quantify the change in fan performance in addition to the measured system
performance discussed in the previous sections. Recall that the experimental set-ups
do not measure fan performance as it is nearly impossible to measure flow quantities
in the gap between the fan and the HRM.
As the fan geometry is proprietary and hence not available, an inverse design
of the fan geometry is generated with Solidworks by carefully measuring the blade
angles and dimensions of the actual fan blade. The inverse design fan geometry is
simulated, and its performance is compared with the Ebm-Papst data. Comparison
of fan performance between 3-D CFD results and test data are shown in Fig. 427, showing very good agreement. Thus, this fan geometry will be used for future
simulations. The geometry is shown in Fig. 4-28 and Fig. 4-29.
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Figure 4-27: Comparison of fan pressure rise

90

Figure 4-28: Fan geometry front view

4.2.2

Figure 4-29: Fan geometry side view

CFD Study of Fan-HRM Interaction

First, a draw-through configuration is investigated. Two configurations are compared
to understand the effect of fan-HRM interaction on fan performance. The first configuration is the fan alone case, and the second configuration is the fan with close-coupled
HRM placed upstream of the fan (Fig. 4-30). The separation distance between the
HRM and the fan leading-edge is 0.03 of the fan diameter. 0.03 of the fan diameter
equals 7.5% of the mid-span chord. Note that the HRM has a finite thickness in the
3-D CFD simulations (the perforated plate used in the experiment is much thinner).
As a result, Fig. 4-31 shows the fan pressure rise comparison between the fan alone
case and the fan with the upstream HRM. This comparison suggests that the two
configurations predict nearly identical pressure rises.
Next, a blow-through configuration is studied. Two configurations are compared
to understand the interaction effect on the fan performance. The first configuration
is the fan alone case, and the second configuration is the fan with close coupled
HRM placed downstream of the fan (Fig. 4-32). The gap between the HRM and
the leading-edge is 0.03 of fan diameter (7.5% of the mid-span chord). Figure 4-33
shows the fan pressure rise comparison. Again, the comparison suggests that the two
configurations predict nearly identical pressure rise around the design point, and the
fan/HRM case performs better at the high flow coefficient cases.
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Figure 4-30: 3-D computational model of HRM locate 0.03D upstream of the fan
leading-edge
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Figure 4-31: Comparison of fan pressure rise

Figure 4-32: 3-D computational model of HRM locate 0.03D downstream of the fan
leading-edge
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Figure 4-33: Comparison of fan pressure rise

4.2.3

CFD Study of Fan-Grill Interaction

Finally, we look at the case with a grill placed upstream of the fan. Two configurations
are compared to understand the interaction effect on fan performance. The first
configuration is the fan alone case, and the second configuration is the fan with
a grill placed upstream of it. Figure 4-34 shows the fan pressure rise comparison.
This comparison confirms our experiment results, which showed that a grill placed
upstream of the fan increases fan performance.
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4.3

Summary

Based on the preliminary experimental and 3-D computational studies, the data suggest no significant performance change in fan performance is observed when an HRMs
is placed near a fan. The studies also suggest that the interaction effect worsens performance at the system level when the HRM is placed downstream of the fan. In
the following chapters, we investigate the physics of fan-HRM interaction in the 2-D
cascade limit to understand the flow interaction phenomenon better.
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Chapter 5
2-D Effects of Close-Coupled Air
Resistance on Low, Nominal and
High Diffusion Factor Fan
Performance
5.1

Computational Domain & Boundary Conditions

In this chapter, 2-D studies on three cascades are performed.
1. Low DF design (DF=0.33) (Figure 5-1(a))
2. Nominal DF design (DF=0.53) (Figure 5-1(b))
3. High DF design (DF=0.73) (Figure 5-1(c))
Three configurations are studied for understanding the close-coupling effect. A
conventional system design is studied firstly. In conventional systems, high resistance
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(a) Low DF design

(b) Nominal DF design

(c) High DF design

Figure 5-1: 2-D model of low DF design (top), nominal DF (middle), and high DF
(bottom) design
mediums (HRMs) are placed far upstream and/or far downstream of the rotor blades.
In this configuration, the HRMs do not influence the flow near the fan, and the fan
performs in the free stream condition. Note that the fan will follow fan performance
curves generated by the fan companies when performing in a free stream condition.
Since the HRMs do not influence the fan rotor, HRMs are not included in the calculation to save computational time. Therefore, a 2-D computational fan rotor alone
model is created representing the conventional system designs (Fig. 5-1). The rotor
blade moves from top to bottom in the model, and the airflow is from left to right.
Velocity Inlet and Pressure Outlet are specified as the boundary conditions on the left
and right edges. A periodic boundary condition is specified to simulate the geometry
of a cascade. We choose this configuration as the baseline case. In the following
discussion, we will call the baseline case or fan alone configuration. An equivalent
pressure drop will be added in the post process when a parallel comparison is needed.
In addition to the baseline cases, the coupling effects between a fan rotor and an
HRM are investigated. We are particularly interested in the fan rotor aerodynamic
performance when an HRM is placed closely upstream or downstream. Therefore,
computational models shown in Fig. 5-2 are created. In the following discussion, we
will call the fan rotor with an upstream HRM configuration to HRM/fan configuration
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(Fig. 5-2(a)) and fan rotor with a downstream HRM configuration to fan/HRM
configuration (Fig. 5-2(b)). In the HRM/fan configuration, the separation distance
between the HRM and the fan leading-edge is 2.5% of the fan chord, and the gap is
2.5% between the fan trailing-edge and HRM in the rotor/HRM configuration.

(a) Fan with close upstream HRM
(HRM/fan)

(b) Fan with close downstream HRM
(fan/HRM)

Figure 5-2: 2-D model of fan with HRMs
Detailed flow fields from the CFD simulation are examined at a wide range of flow
coefficients. Different flow coefficient represents a different angle-of-attack (AOA).
From the velocity triangle, a low flow coefficient represents high AOA, in which boundary layers are thick, and suction surface separation is expected. On the other hand,
a high flow coefficient represents low AOA. A negative incidence may cost pressure
surface separation.
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5.2
5.2.1

Low Diffusion Factor Design
Geometry

The diffusion factor illustrates the flow decelerates level and flow turning ability. For
low diffusion factor fans, downstream absolute velocity C2 is expected to vary from
upstream absolute velocity C1 slightly. The flow turning is expected to be small.
In other words, the duty is light. When a blade design has a DF less than 0.4,
the boundary layers on the blade surfaces are thin, and boundary layer separation
is not expected to occur. This section will explore a very conservative blade design
with a DF of 0.33 at the design point, which is expected to perform well in the
conventional fan only configuration (no flow separation on the blade surface). The fan
only configuration is the baseline case to compare with the HRM/fan and fan/HRM
configurations on fan rotor performance and system performance to investigate the
effects of close-coupling.
The blade geometry is created by the blade geometry generation code developed
in-house. The geometrical parameters are shown in Fig. 5-3 and Table 5.1. The blade
leading-edge flow angle is set at 73.1 degrees, and the blade trailing-edge flow angle is
set at 64.8 degrees (corresponding to an overall turning of 8.3 degrees). The spacing
to chord ratio is set at 1, and the Reynolds number based on the blade velocity and
the chord of the fan rotor is about 150,000. The maximum thickness is 5% of the blade
chord. The design flow coefficient is 0.304, and the design static pressure coefficient
is 0.3. Finally, the DF at the design point is 0.33.
Re
150,000
Spacing/Chord
1
Max Thickness 5% of Chord

Leading-edge blade angle
73.1
Trailing-edge blade angle
64.8
Diffusion factor at design point 0.33

Table 5.1: Geometrical parameters
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Figure 5-3: Conservative fan rotor design

5.2.2

Results

Figure 5-4 shows a comparison of the relative velocity magnitude contours of the
fan alone configuration (top), the HRM/fan (middle), and the fan/HRM configuration (bottom) at multiple operating points. Recall that the design flow coefficient is
φ=0.304. The figure shows qualitatively that boundary layers are thin on the blade
surfaces at the design point and at the high flow coefficient in all three configurations.
The flow around rotor blades is very similar in fan alone and fan/HRM configurations.
Therefore, identical rotor performances are expected. An interesting phenomenon is
seen in the HRM/fan configuration; a jet is formed above the blade suction surface.
Therefore, a slight difference in rotor performance is expected between the HRM/fan
configuration and the other two at the before-mentioned flow coefficients. At the
low flow coefficients where the blade loading is high (or high DF number), a thick
boundary layer and some flow separation are present on the suction surface in the fan
alone configuration. The presence of HRMs appears to help, as seen by the boundary
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layers becoming thinner.

(a) Fan alone φ=0.22

(b) Fan alone φ=0.31

(c) Fan alone φ=0.35

(d) HRM/fan φ=0.22

(e) HRM/fan φ=0.31

(f) HRM/fan φ=0.35

(g) Fan/HRM φ=0.22

(h) Fan/HRM φ=0.31

(i) Fan/HRM φ=0.35

Figure 5-4: Relative velocity contours
Figure 5-5 shows a comparison of the blade surface pressure coefficient at the
design point. The figure qualitatively indicates that the flow fields around the blades
are very close in the three different configurations except for a slightly low blade
loading region near the rotor leading-edge in the HRM/fan configuration. This change
in blade loading near the leading-edge associated with the jet formed the blade suction
surface mentioned earlier, and the difference is small. Therefore, the overall blade
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loadings are similar at the design point as expected from reading the contour plot.
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Figure 5-5: Comparison of the blade surface pressure coefficient
The fan rotor performance comparison is shown in Fig. 5-6. The comparisons
include rotor static pressure rise Fig. 5-6(a) and static efficiency Fig. 5-6(b). The
two figures show that the rotor static pressure rise and static efficiencies are almost
identical around the design point and high flow coefficient. This result is expected
as the flow fields are very similar. At the low flow coefficient, the presence of HRMs
produces a higher static pressure rise. The static pressure rise difference will be
discussed later in this chapter, where this phenomenon is more obvious for higher DF
blade designs.
More parameters are investigated to dig more in-depth into the flow interaction
effect with the HRMs. The rotor total pressure rise and total efficiency are compared
in Fig. 5-7. For the total pressure rise comparison Fig. 5-7(a), the trend is very
similar to the static pressure rise. The three curves differ at the low flow coefficient,
and the fan rotors produce higher total pressure when the HRMs are placed close to
the fan. At the same time, Fig. 5-7(b) shows the same story that total efficiencies
are very similar at the design point.
Instead of the total pressure rise, the useful quantity is the static pressure rise in
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Figure 5-6: Comparison of (a) static pressure rise & (b) static efficiency
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Figure 5-7: Comparison of (a) fan ideal pressure rise & (b) fan ideal efficiency
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most low-speed fan applications. One can easily convert the swirl dynamic pressure
to static pressure via de-swirl vanes or stator blades. Therefore, it will be worthy
of investigating the swirl dynamic pressure production from the three configurations.
The comparison is shown in Fig. 5-8. The trend is similar to static pressure rise
and total pressure rise, in which the benefit of fan close coupling with HRMs only
happens at the low flow coefficient.
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Figure 5-8: Comparison of swirl-dynamic pressure rise
Adding the fan static pressure rise and swirl dynamic pressure production is the
ideal or maximum static pressure rise that a fan rotor can produce. Figure 5-9 shows
the comparison of the ideal pressure rise coefficient and the ideal static efficiency. The
ideal pressure rise and ideal fan efficiency have no change at the design point and at
the high flow coefficient. The difference happens at the low flow coefficient where the
blade operates at higher blade loading.
The corrected fan pressure rise is defined as the sum of the change in system static
pressure and the ideal pressure drop across the HRMs. From this definition, we will
be able to tell how well the rotor works in a system. First, the velocity profiles are
compared in Fig. 5-10. The figure shows that the flow entering and leaving the HRMs
are quite non-uniform. In the HRM/fan configuration, the flow must redistribute from
free stream condition to a highly non-uniform profile at the fan rotor leading-edge
(red curve) because of the presence of the stagnation point at the rotor leading-edge.
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Figure 5-9: Comparison of (a) fan ideal pressure rise & (b) fan ideal efficiency
The significant redistribution happens in the HRM, as it is very close to the rotor
leading-edge (from the blue curve at the HRM leading-edge to the red curve at the
HRM trailing-edge). This redistribution will bring additional pressure drops, which
will reflect on the system efficiency. The fan/HRM configuration shows that the flow
leaving the fan trailing-edge is relatively uniform except for the location near the blade
trailing-edge. The redistribution in the HRM is smaller compared to the HRM/fan
configuration. However, the average velocity is much higher because of the swirl
velocity generated by the fan rotor. Since the pressure loss in HRMs is proportional
to velocity square, the high-velocity magnitude will dramatically increase the system
loss. In other words, in the fan/HRM configuration, the flow non-uniformity may
be lower in the HRM region, but the velocity magnitude is higher. Therefore, the
additional loss is also high.
Looking at the corrected fan pressure rise and efficiency, Fig. 5-11 shows that
the fan alone configuration is better than both the HRM/fan and fan/HRM configurations. The reason for the decrease is from the additional loss in the HRM region
discussed earlier. Finally, the corrected fan ideal pressure rise (corrected fan pressure
rise + swirl dynamic pressure production) and efficiency are compared. Figure 5-12
shows that there is some benefit in the static pressure rise at the low flow coefficient
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Figure 5-10: Velocity profile at HRM leading-edge and trailing-edge
where the boundary layers are thick. However, the ideal system efficiency is still lower
than the fan alone case.
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Figure 5-11: (a) Corrected fan pressure rise & (b) corrected fan efficiency
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Figure 5-12: Comparison of (a) corrected fan ideal pressure rise & (b) corrected fan
ideal efficiency
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5.3
5.3.1

Nominal Diffusion Factor Design
Geometry

A diffusion factor slightly lower than 0.55 is commonly used for conventional fan
design. At this value, the boundary layer on the blade surface is thin, and hence the
loss is low at the design point. This section will investigate the mid-span of the EbmPapst 4114 N/2H6 computer server cooling fan, which was studied experimentally
and computationally in the previous chapter. This fan is widely used in the computer
industry. The diffusion factor of this mid-span 2-D is on the order of 0.53.
Figure 5-13 and Table 5.2 show the geometrical parameters. The blade leadingedge flow angle is set at 73.1 degrees, and the blade trailing-edge flow angle is set
at 52.2 degrees (corresponding to an overall turning of 20.9 degrees). The maximum
thickness is 4.72% of the blade chord. The spacing to chord ratio is set at 1, and the
Reynolds number based on the blade velocity and the chord of the fan rotor is about
160,000. The design flow coefficient is 0.364, and the design static pressure coefficient
is 0.43. Finally, the DF at the design point is 0.53.

Figure 5-13: Nominal fan rotor design
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Re
160,000
Spacing/Chord
1
Max Thickness 4.72% of Chord

Leading-edge blade angle
73.1
Trailing-edge blade angle
52.2
Diffusion factor at design point 0.53

Table 5.2: Geometrical parameters

5.3.2

Results

Figure 5-14 shows a comparison of the relative velocity magnitude contours of the
fan alone configuration (top), the HRM/fan (middle), and the fan/HRM configuration (bottom) at multiple operating points. Recall that the design flow coefficient is
φ=0.36. The figure qualitatively shows that boundary layers are thin on the blade
surfaces at the design point and at the high flow coefficient in the close-coupled configurations, although thicker in the fan alone configuration. Again, a jet is formed
above the blade suction in the HRM/fan configuration. At the low flow coefficient
where the blade loading is high (or high DF number), a thick boundary layer and
some flow separation are present on the suction surface in the fan alone configuration.
With the close-coupled HRMs, both HRM/fan configuration and fan/HRM configuration predict little or no flow separation on the blade surfaces over the flow range of
φ=0.3 to φ=0.39 (i.e., the blue-colored regions are very thin).
Figure 5-15 shows a comparison of the blade surface pressure coefficient at the
design point. The figure qualitatively indicates that the pressure around the blades is
similar but not the same. Similar to the conservative design study, the blade loading
of the HRM/fan is slightly lower at the blade leading-edge. Also, with the presents
of HRMs, the blade loading is higher in all locations, from the blade center location
to the trailing-edge, and so, the rotors produce more pressure.
Figure 5-16 shows the static pressure rise coefficient and the static efficiency. Figure 5-16(a) shows that the fan rotor produces higher static pressure rise when coupling
with an HRM at the design point (by 9.5%), which is at φ=0.36. The fan with HRMs
configurations predicts a significantly higher pressure rise than the fan alone configu110

(a) Fan alone φ=0.3

(b) Fan alone φ=0.36

(c) Fan alone φ=0.42

(d) HRM/fan φ=0.3

(e) HRM/fan φ=0.36

(f) HRM/Fan φ=0.42

(g) Fan/HRM φ=0.3

(h) Fan/HRM φ=0.36

(i) Fan/HRM φ=0.42

Figure 5-14: Relative velocity contours
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Figure 5-15: Comparison of the blade surface pressure coefficient
ration at the low flow coefficient. As expected, the difference between the predictions
is smaller at the high flow coefficient where the blade loading is smaller (or lower DF).
While the static pressure predictions are different in these three configurations, Fig.
5-16(b) shows that the static efficiency predictions are very similar.
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Figure 5-16: Comparison of (a) static pressure rise & (b) static efficiency
Consistent with the low DF design study, more parameters are examined. The
rotor total pressure rise and total efficiency are compared in Fig. 5-17. For the
total pressure rise comparison, the trend is very similar to the static pressure rise.
However, the total efficiency comparison shows that the HRM/fan and fan/HRM
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configurations predict higher total efficiency than the fan alone configuration. This
phenomenon is more obvious as the flow coefficient decreases. The reason is, at
the low flow coefficient, the boundary layers are thick or even separated in the fan
alone configuration. The interaction effect with the HRM reduces the boundary layer
thickness or reattach the flow. The next section will consider a higher diffusion factor
rotor design, which has flow separation at the design point to illustrate this benefit
more pronouncedly.
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Figure 5-17: Comparison of (a) fan ideal pressure rise & (b) fan ideal efficiency
The comparison of fan exit swirl dynamic pressure production is shown in Fig. 518. At low flow coefficients, the fan swirl dynamic pressure production is significantly
higher in the presence of a closely coupled HRM. The reason is that, in the fan alone
configuration, boundary layers are thick, which decreases flow turning. When an
HRM is placed close to a fan rotor, the HRM/fan and fan/HRM configuration help
boundary layer reattachment. Therefore, higher swirl dynamic pressure is produced
as a result of more flow turning.
The comparison of the ideal fan pressure rise coefficient is illustrated in Fig. 5-19.
The benefit of a closely coupled fan and HRM shows up in the low flow coefficient
range where the blade loading is high.
Figures 5-20, 5-21, and 5-22 are the comparisons of velocity profiles at the HRM
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Figure 5-19: Comparison of (a) fan ideal pressure rise & (b) fan ideal efficiency
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inlet and exit planes, the corrected fan pressure rise coefficient and corrected fan
efficiency, and the corrected fan ideal pressure rise and corrected fan ideal efficiency.
First, Fig. 5-20 shows that flow non-uniformity and flow redistribution occur in the
HRM region. As discussed in the early section, these result in additional losses and
hence low system efficiency. Figure 5-21 shows a comparison of the corrected fan
pressure rise coefficient. The figure shows that, at the system level, the fan static
pressure rise benefit is negated by the additional loss in the HRMs, and the system
performance of the fan alone configuration is actually the best. Finally, the corrected
fan ideal pressure rise and ideal static efficiency comparisons are shown in Fig. 5-22.
The figure shows that even if one can convert all the available swirl dynamic pressure
to useful static pressure, the benefit occurs primarily at the low flow coefficient, but
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the static efficiency is still lower than the fan alone case.
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Figure 5-20: Velocity profile at HRM leading-edge and trailing-edge
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Figure 5-22: Comparison of (a) corrected fan ideal pressure rise & (b) corrected fan
ideal efficiency
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5.4
5.4.1

High Diffusion Factor Design
Geometry

When a blade design has a DF higher than 0.6, the loss in the blade row increases
rapidly as the boundary layer starts to separate on the blade surface. High loss
translates to low efficiency, and the presence of boundary layer separation will decrease
flow turning, and the blades will not produce the pressure rise as designed. This
example will explore a blade design with a DF of 0.73 at the design point, which is
much higher than the typical conventional blade design. We expect the fan to perform
poorly in the conventional rotor only configuration, i.e., the HRMs are placed far away
from the fan rotor. However, we will show that the fan-HRM flow interaction can be
a game-changer in terms of blade performance improvement. The previous section
shows that the fan-HRM interaction helps the separated boundary layer to reattach.
Therefore, a high DF rotor-alone design with flow separation at the design point is
preferred to take advantage of this flow interaction.
The geometrical parameters are shown in Fig. 5-23 and Table 5.3. Except for
the blade trailing-edge flow angle, which is set at 43.1 degrees (corresponding to an
overall turning of 30 degrees), all other geometrical parameters are the same as the
previous two cases. The DF at the design point is 0.73. The design flow coefficient is
0.35, and the design static pressure coefficient is 0.52.
Re
150,000
Spacing/Chord
1
Max Thickness 5% of Chord

Leading-edge blade angle
73.1
Trailing-edge blade angle
43.1
Diffusion factor at design point 0.73

Table 5.3: Geometrical parameters
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Figure 5-23: High diffusion factor fan rotor design

5.4.2

Results

Figure 5-24 shows a comparison of the relative velocity magnitude contours of the
fan alone configuration (top), HRM/fan (middle), and the fan/HRM (bottom) at
multiple operating points. The figure shows qualitatively that the fan rotor has a
very thick boundary layer and/or flow separation on the blade suction surface in the
fan alone configuration. With the close-coupled HRMs, both HRM/fan and fan/HRM
configurations predict little or no flow separation on the blade surfaces over the flow
range of φ=0.3 to φ=0.39 (i.e., the blue-colored regions are very thin). We should also
notice that the HRM/fan configuration predicts a high-velocity jet above the suction
surface, which is different from the other two configurations. This jet appears to have
the effect of delaying flow separation on the blade suction surface but would result in
higher mixing loss downstream.
Figure 5-25 shows a comparison of the blade surface pressure coefficient at the
design point. The figure qualitatively shows that the flow field around the blade
changes quite significantly in the three different configurations. For example, in the
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(a) Fan alone φ=0.3

(b) Fan alone φ=0.35

(c) Fan alone φ=0.39

(d) HRM/fan φ=0.3

(e) HRM/fan φ=0.35

(f) HRM/fan φ=0.39

(g) Fan/HRM φ=0.3

(h) Fan/HRM φ=0.35

(i) Fan/HRM φ=0.39

Figure 5-24: Relative velocity contours
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fan alone configuration, the blade operates near-zero incidence, while it operates
at negative incidence in the HRM/fan configuration and positive incidence in the
fan/HRM configuration. Another observation is the blade loading (or the area under
the pressure distribution curves) is highest in the fan/HRM configuration, indicating
that the fan/HRM configuration will have the highest pressure rise.
1
Fan alone
HRM/fan
Fan/HRM

0.5
0
-0.5
-1
-1.5

0

0.2

0.4

0.6

0.8

1

Location/Chord

Figure 5-25: Comparison of the blade surface pressure coefficient
The fan rotor performance comparisons are shown in Fig. 5-26. The comparisons
include rotor static pressure rise coefficient and rotor static efficiency. The figure
shows that the fan rotor produces much higher static pressure by coupling with an
HRM when φ is less than 0.39, and φ=0.39 is the flow condition at which we start
to see flow separation on the blade suction surface. At the design point φ=0.35,
the HRM/fan and fan/HRM configurations predict a pressure coefficient of around
0.6, which is 20% more than the fan alone configuration. Another key feature we
should notice from the static pressure rise curves is that the fan and HRMs coupling
effect greatly extends the stall boundary. In particular, the fan/HRM configuration
predicts stable results down to φ=0.17. The HRM/fan configuration performs well
at flow coefficient down to 0.26, which is still lower than the fan alone case at 0.3.
The figure shows that the static efficiency is very similar for the three configurations,
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which at first glance implies that even though the fan does benefit from the presence
of the HRMs in terms of pressure rise, this benefit does not show up in energy usage.
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Figure 5-26: Comparison of (a) static pressure rise & (b) static efficiency
In order to appreciate the benefit of placing the HRMs close to the fan in terms of
fan efficiency, one needs to inspect the total efficiency. Figure 5-27 shows a comparison
of the fan total pressure rise and the total efficiency. The trend in total pressure rise
is similar to the static pressure rise shown in Fig. 5-26. The HRM/fan and fan/HRM
configurations predict a much higher total pressure rise than the fan alone configuration. At the design point, the HRM/fan and fan/HRM configurations predict a total
pressure coefficient of around 1.05, respectively, compared to 0.82 for the fan alone
case. The figure shows an improvement in total efficiency. At the design point, there
is an improvement in the total efficiency of 2% in the HRM/fan configuration and 4%
in the fan/HRM configuration.
In many applications where the useful quantity is the fan static pressure rise and
not the total pressure rise, one must capitalize on the improvements in the fan total
pressure rise and total efficiency. As we expect a fan with a very high DF to produce
a significant amount of swirl dynamic pressure, as shown in Fig. 5-28, one must
somehow be able to convert it to the useful static pressure rise. Note that Fig. 5-28
shows an increase of over 35% in swirl dynamic pressure for the two configurations
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Figure 5-27: Comparison of (a) fan ideal pressure rise & (b) fan ideal efficiency
with the HRMs. Figure 5-29(a) and (b) show the fan ideal static pressure coefficient
and static efficiency, respectively. Recall that the word "ideal" here implies the values
one would obtain if one is able to convert 100% of the available swirl dynamic pressure
to static pressure (we will discuss more on this topic in the later chapter). Figure
5-29 shows that at the design point, when compared to the fan alone case, the ideal
static pressure coefficient and ideal static efficiency can be improved by 18% and 5%,
respectively.
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(a) Swirl-dynamic pressure rise

Figure 5-28: Comparison of swirl-dynamic pressure rise
At the system level, although the fan rotor produces a lot more static pressure rise
when the HRMs are placed near the fan, this benefit can be compromised with the
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Figure 5-29: Comparison of (a) fan ideal pressure rise & (b) fan ideal efficiency
additional loss from the increase in both flow magnitude and flow non-uniformity in
the HRM region. Figure 5-30 shows the velocity profiles of the flow entering and exiting the HRM in the HRM/fan and fan/HRM configurations. The figure clearly shows
that these velocity profiles are highly non-uniform. In particular, in the HRM/fan
configuration, the non-uniformity occurs at the HRM’s trailing-edge because of the
stagnation point at the blade leading-edge, resulting in a region of a high-velocity
gradient. In the fan/HRM configuration, the velocity magnitude entering the HRM
is much higher than the freestream velocity because of the swirl velocity component,
resulting in a higher loss in the HRM region. Hence, it is expected that the additional
loss in the HRM negates any gain in fan performance. Figure 5-31 shows the system
fan static pressure rise and fan static efficiency.
Likewise, Fig. 5-32 shows the ideal system fan static pressure and fan static
efficiency. It is seen from these figures that the gain in fan performance in the presence
of the HRMs at the system level is reduced at the design point, although the increase
in stall margin is preserved. In this particular example, it is seen that while the
static pressure rise can be higher, the corrected fan static efficiency is lower, while
the corrected fan ideal static efficiency is about the same at best.
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Figure 5-30: Velocity profile at HRM leading-edge and trailing-edge
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Figure 5-31: (a) Corrected fan pressure rise & (b) corrected fan efficiency
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Figure 5-32: Comparison of (a) corrected fan ideal pressure rise & (b) corrected fan
ideal efficiency
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5.5

A Discussion on the Jet Formation on Rotor
Blade in HRM/Fan Configuration

The presence of an upstream close-coupled HRM induces a distinct phenomenon.
Early discussions in this chapter show that the HRM/fan configuration predicts a
high-velocity jet around the blade, and it is more significant above the suction surface.
This jet appears to have the effect of delaying flow separation on the blade suction
surface but would result in higher mixing loss downstream. In this section, we aim
for a better understanding of the jet phenomenon. A fan alone configuration and an
HRM/fan configuration are compared at the design point. The HRM/fan case setting
is an HRM-fan separation distance of 2.5% of the rotor chord and a resistance factor
of 37.5, representing a 3-row coil in an HVAC fan/coil unit.
Figure 5-33 shows the relative velocity contours at the design point. The figure illustrates two distinct features. A jet is formed around the rotor blade in the
HRM/fan configuration (a red region on the blade suction surface and a yellow region
on the blade pressure surface). As a result, we observe the jet/wake reversal downstream of the blade. In this section, we will look into more details to have a better
understanding of these phenomenons.

(a) Fan alone

(b) HRM/fan

Figure 5-33: Relative velocity contour
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Figure 5-34 shows the comparison of streamlines, relative total pressure, and static
pressure. The figure indicates qualitatively that streamline curvatures are similar
in the two configurations. Therefore, the static pressure gradient in the blade-toblade direction is expected to be similar. The most striking difference is that in the
HRM/fan case, the stream tube going around the blade has the highest relative total
pressure. As the static pressure contour plots show similar pressure distribution,
the high relative total pressure will result in a jet formed around the rotor blade
and jet/wake reversal, as pointed out earlier. Recall that the relative total pressure
definition is the sum of static and relative dynamic pressure.
Next, we present detailed flow field studies via line plots. The velocity, relative
total pressure profiles, and static pressure are shown at the upstream, mid-chord, and
downstream locations (Fig. 5-35).
We first look at the upstream station. The location of comparison is chosen
right after the HRM. Streamwise velocity, relative total pressure, and static pressure
are compared in Fig. 5-36. Figure 5-36(a) shows the contrast of the streamwise
velocity profiles. The distinction between the two configurations is that the HRM/fan
configuration has a flatter distribution, as an HRM makes the flow more uniform.
The reason is that fluid particles will always flow through the path of least resistance.
Therefore, the flow will redistribute to minimize the overall pressure drop across the
HRM since the loss is proportional to the square of the velocity. However, because
of the presence of the stagnation point, there is still a low-velocity region near the
rotor leading-edge. Recall that the HRM location is very close to the rotor (2.5% of
the chord). Low velocity across the HRM results in a low loss. As we expect, Fig.
5-36(b) shows that the relative total pressure is much higher in this low-speed region.
Meanwhile, the relative total pressure stays constant in the fan alone configuration
as there is no loss or work input to the flow at this upstream location. Static pressure
is compared in Fig. 5-36(c). Both cases show the high static pressure near the blade
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(a) Fan alone-streamline

(b) HRM/fan-streamline

(c) Fan alone-relative total pressure

(d) HRM/fan-relative total pressure

(e) Fan alone-static pressure

(f) HRM/fan-static pressure

Figure 5-34: Comparison of streamlines, static pressure, and relative total pressure
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Figure 5-35: Compared location at upstream (blue), mid-chord (black), and downstream (red)
stagnation point.
Next, Fig. 5-37 shows a comparison of relative velocity, relative total pressure,
static pressure at the mid-chord. Figure 5-37(b) shows that the relative total pressure
at the mid-chord carries on the characteristic in the upstream station, which is higher
around the rotor blade in the HRM/fan configuration. In the meanwhile, the static
pressure around the rotor blade is almost identical (Fig. 5-37(c)). Therefore, it results
in higher relative velocity in the HRM/fan configuration, forming a jet around the
rotor blade.
Finally, Fig. 5-38 shows a comparison of relative velocity, relative total pressure,
static pressure at the downstream station. The relative total pressure and static pressure at the downstream carry on the characteristics at the mid-chord location. The
stream tube going around the blade has the highest relative total pressure, resulting in the jet/wake reversal. From Fig. 5-38(a), the blue circle curve illustrates the
fan alone configuration. The location between 0 to 0.35 shows a low-velocity region,
which is the wake behind the fan rotor trailing-edge, as we can see in all conventional
fans. The red cross mark curve shows a very different story. The jet effect results
in the jet/wake reversal, although we still can see the blade boundary layer effect,
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(a) Comparison of streamwise velocity

(b) Comparison of relative total pressure

(c) Comparison of static pressure

Figure 5-36: Comparison of (a) streamwise velocity, (b) relative total pressure coefficient, and (c) static pressure coefficient at the upstream of the fan rotor
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(a) Comparison of relative velocity

(b) Comparison of relative total pressure

(c) Comparison of static pressure

Figure 5-37: Comparison of (a) relative velocity, (b) relative total pressure coefficient,
and (c) static pressure coefficient at the middle of the fan rotor
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i.e., there is a wake between 0.95 to Periodic 0.15. We need to be very careful when
designing a stator to recover the swirl dynamic pressure, as the jet/wake reversal may
change flow incidence at the stator. Also, there could be an optimum combination of
resistance K-value and HRM-fan separation gap result in nearly uniform flow leaving
the rotor blade and, hence, lower noise from rotor/stator interaction.

(a) Comparison of relative velocity

(b) Comparison of relative total pressure

(c) Comparison of static pressure

Figure 5-38: comparison of (a) relative velocity, (b) relative total pressure coefficient,
and (c) static pressure coefficient at the downstream of the fan rotor
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5.6

Summary

This chapter investigates the flow-interaction effects between a fan rotor and HRMs
placed in very close proximity in the 2-D cascade limit using CFD. The main finding
is that the coupling effect is highly favorable in terms of delaying flow separation on
the blade surface (or blade stall). As a result, this beneficial effect only shows up
when the blades are highly loaded, i.e., blades with very high DF, on the order of
0.7 or higher. In this case, significant improvements in fan pressure rise are observed.
Still, the static efficiency is not improved unless the fan rotor exit swirl dynamic
pressure can be converted to static pressure. For conventional blade design with
DF on the order of 0.55 or less, the benefit still exists at the off-design conditions,
i.e., an extension of the stall region. At the system level, however, it is found that
the pressure drop across the HRM is increased due to an increase in flow velocity
magnitude and/or flow non-uniformity in the HRM region, reducing the benefit of
fan and HRM coupling. Therefore, we conclude that in practice, it is recommended
that a rotor fan by itself (i.e., no stator) should not be placed close to an HRM, as
this results in LOWER system performance unless stall margin is more important
than efficiency.
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Chapter 6
2-D Effects of Close-Coupled Air
Resistance on High Diffusion
Factor Fan Performance
In this chapter, we will carry out parametric studies to better understand the effect
of close coupling. These studies include the effects of fan and HRM separation gap,
HRM resistance magnitude, and HRM resistance homogeneity.
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6.1

Effects of Gap Distance between HRM and
Fan

This section will test multiple fan-HRM separation gaps while the resistance factor is
fixed to be a constant (K=8). Both draw-through and blow-through configurations
will be investigated. We aim to determine what gap gives the most benefit and what
separation distance the HRM will not affect the fan performance.

6.1.1

Draw-Through Configuration

Figure 6-1 shows the 2-D computational domain of a fan rotor coupled with the
high resistance mediums (HRM) placed upstream of the rotor blades. The rotor
blade moves from top to bottom in the computational model, and the airflow is
from left to right. Velocity inlet and pressure outlet are specified as the boundary
conditions on the left and right edges. A periodic boundary condition is specified to
simulate the geometry of a cascade. A sensitivity study on the fan-HRM separation
gap is investigated by changing the separation distance. Six gap thickness are tested
including 2.5%, 5%, 7.5%, 10%, 30%, and 50%. The fan rotor and system performance
are compared with the fan alone case, which represents a conventional design.

Figure 6-1: 2-D model of HRM/fan (vary separation gap)
As a result, the relative velocity contours are compared for qualitatively under135

standing of the interaction effect. Figure 6-2 shows the relative velocity magnitude
contours of the fan alone configuration (top), 2.5% gap, 5% gap, 7.5% gap, 10% gap,
30% gap, and 50% gap configurations at multiple operating points. This figure suggests that the interaction effect is sensitive to HRM-fan separation distance, and the
effect increases as the gap decrease. As expected for a high DF fan, a very thick
boundary layer is formed on the rotor surface, and the flow separates on the blade
suction surface in the fan alone configuration at the design point. With the closecoupled HRMs, boundary layers tend to reattach. At a 50% gap, the flow field is
nearly identical to the fan alone configuration. As the HRM gets closer to the fan
rotor, the boundary layers become thinner, implying that the interaction effect grows.
Eventually, the 2.5% gap cases predict little or no flow separation on the blade surfaces over the flow range of φ=0.3 to φ=0.39 (i.e., the blue-colored regions are much
thinner).
We should also notice that the HRM/fan configurations predict a high-velocity
jet around the blade. This phenomenon is discussed in the previous chapter, in which
the presence of the stagnation point redistributes the flow. The relative velocity
contours (Fig. 6-2) suggest that the jets become stronger as the gap decreases. The
jet appears to have the effect of delaying flow separation on the blade suction surface
but would likely result in higher mixing loss downstream. Recall the discussion of
the jet formation on the rotor blade; the presence of HRM induces jet/wake reversal
downstream. Figure 6-3 suggests that in the fan alone configuration, a low-velocity
region indicates wake while velocity is quite uniform in the core region. With an
HRM’s appearance, the velocity magnitude becomes increases in the wake region and
reduces in the core region. Figure 6-3 clearly shows that the jet/wake reversal effect
gets stronger as the gap becomes smaller.
Next, Fig. 6-4 shows a comparison of the blade surface pressure coefficient at
the design point. The figure qualitatively indicates that the appearance of HRM
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(a) Fan alone φ=0.3

(b) Fan alone φ=0.35

(c) Fan alone φ=0.39

(d) HRM/fan 2.5%gap φ=0.3 (e) HRM/fan 2.5%gap φ=0.35 (f) HRM/fan 2.5%gap φ=0.39

(g) HRM/fan 5% gap φ=0.3

(h) HRM/fan 5% gap φ=0.35

(i) HRM/fan 5% gap φ=0.39

(j) HRM/fan 7.5%gap φ=0.3 (k) HRM/fan 7.5%gap φ=0.35 (l) HRM/fan 7.5%gap φ=0.39

Figure 6-2: Relative velocity contours
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(m) HRM/fan 10%gap φ=0.3 (n) HRM/fan 10%gap φ=0.35 (o) HRM/fan 10%gap φ=0.39

(p) HRM/fan 30% gap φ=0.3 (q) HRM/fan 30% gap φ=0.35 (r) HRM/fan 30% gap φ=0.39

(s) HRM/fan 50% gap φ=0.3 (t) HRM/fan 50% gap φ=0.35 (u) HRM/fan 50% gap φ=0.39

Figure 6-2: Relative velocity contours
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Figure 6-3: Comparison of downstream velocity profiles
upstream of the blade will change the blade incidence, and the influence varies with the
change of gap. For this particular design, the closer the gap, the lower the incidence
(more negative). For instance, in the fan alone configuration, the blade operates
near-zero incidence, while a rotor blade operates at negative incidences in HRM/Fan
configurations. In general, changing the incidence is determined by the angle between
the flow and the axial direction since the HRMs straighten and uniformize the flow
more axially. When the angle is positive, the incidence angle decreases, and the
incidence angle increases when the angle is negative. Another observation from Fig.
6-4 is the blade loading (or the area under the pressure distribution curves) is highest
in the 2.5% gap case (closest separation distance), indicating that it will have the
highest pressure rise.
The fan rotor performance comparisons are shown in Fig. 6-5. The comparisons
include rotor static pressure rise and rotor static efficiency. The figure shows that the
fan rotors in the 2.5% and 5% cases produce much higher static pressure than the
fan alone case when the flow coefficients (φ) are less than 0.43. Note, at φ=0.43, the
flow begins to separate on the blade suction surface. At the design point φ=0.35, the
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Figure 6-4: Comparison of the blade surface pressure coefficient
2.5% case predicts a pressure coefficient of around 0.61, which is 16.2% more than
the fan alone configuration; the 5% case predicts a pressure coefficient of 0.54, which
is 5% more than the fan alone configuration. The static pressure rise benefit becomes
smaller and eventually vanishes when the gap increases to larger than 30%.
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Figure 6-5: Comparison of (a) static pressure rise & (b) static efficiency
Another key feature we should notice from the static pressure rise curves is that
the fan and HRMs coupling effect significantly affects the stall boundary. Since the
jet formation around a rotor blade helps the reattachment of boundary layer separa140

tion and reduction of boundary layer thickness, the 2.5%, 5%, and 7.5% HRM/Fan
configurations perform well at the flow coefficient down to 0.26, which is lower than
the fan alone case at 0.3. However, the induced jet greatly curtails the stall boundary
at a gap of around 10%. As Fig. 6-6 shows, the jet is formed but is not strong
enough to hold steady. The 10% HRM/fan configuration predicts stable results at
the flow coefficient higher than 0.39, which the stall boundary is worse than the fan
alone case. As the gap keeps increasing, the stall boundary increases the 10% case,
and eventually, the 30% and 50% cases have the same stall boundary as the fan alone
configuration. Figure 6-5(b) shows that the static efficiency is relatively flat and very
similar for all configurations. It implies that even though the fan benefits from the
presence of the HRMs in terms of pressure rise, this benefit does not show up in
energy usage.

(a) Gap 10% at φ=0.3

(b) Gap 10% at φ=0.35

Figure 6-6: Relative velocity contours
In order to appreciate the benefit from the fan-HRM close-coupling effect on
efficiency, one needs to inspect the total energy produced (total pressure rise) and
efficiency, which are shown in Fig. 6-7. The trend in total pressure rise is similar to
the static pressure rise shown in Fig. 6-5. The interaction effect rises as the separation
distance reduces. The HRM/fan configurations predict a much higher total pressure
rise than the fan alone configuration at the low flow when the gap is small. At the
design point, the 2.5% case predicts a total pressure coefficient of around 1.03, while
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the 5% gap case predicts 0.96. Both configurations have a higher prediction than the
fan alone case, which is 0.86.
Figure 6-5(b) shows an improvement in total efficiency. At the design point, there
is an improvement in the total efficiency of 2.5% in the 2.5% gap case and 1% in the
5% gap case. Recall that there was no improvement in static efficiency. Therefore,
the improvement must come from the dynamic pressure production, which will be
investigated next.
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Figure 6-7: Comparison of (a) fan ideal pressure rise & (b) fan ideal efficiency
High DF fans have a great capacity to produce a significant amount of swirl dynamic pressure. However, the flow separation will reduce flow turning so that swirl
dynamic pressure production is reduced. From the previous discussion, the closecoupling effect helps the reattachment of boundary layer separation and reduction of
boundary layer thickness. Therefore, the close-coupling effect significantly benefits
the swirl dynamic pressure production as shown in Fig. 6-8, and the swirl dynamic
pressure production increases as the separation distance reduce. Fig. 6-8 shows an increase of over 35% in swirl dynamic pressure for the 2.5% gap HRM/fan configuration,
which is the greatest.
In many applications where the useful quantity is the fan static pressure rise, one
must capitalize on the swirl dynamic pressure production improvements. Recall that
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Figure 6-8: Comparison of swirl-dynamic pressure rise
we define "ideal" quantities, which implies the values one would obtain if one is able to
convert 100% of the available swirl dynamic pressure to static pressure. Figure 6-9 (a)
and (b) show the fan ideal static pressure coefficient and static efficiency, respectively.
Figure 6-9 shows that at the design point, when compared to the fan alone case, the
ideal static pressure coefficient and ideal static efficiency can be improved by 18%
and 5%, respectively.
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Figure 6-9: Comparison of (a) fan ideal pressure rise & (b) fan ideal efficiency
At the system level, although the fan rotor benefits from the close-coupling effect,
producing a lot more static pressure rise, this benefit negates by the additional loss
from the non-uniform flow in the HRM region. Recall that, In the HRM/fan con143

figuration, the nonuniformity occurs at the trailing-edge of the HRM because of the
presence of the stagnation point at the blade leading-edge, resulting in a low-velocity
region in the HRM centered around the rotor blade leading-edge and higher velocity
in the HRM region away from the rotor blade leading-edge.
Figure 6-10 shows the corrected fan pressure and corrected fan efficiency. Likewise,
Fig. 6-11 shows the corrected ideal fan pressure rise and corrected fan ideal efficiency.
Recall that the "corrected" quantities take account of the additional loss. Figure 610(a) shows that the gain in fan performance is reduced at the system level, although
the increase in stall margin is preserved. Meanwhile, the corrected fan efficiency is
not compatible with the fan alone case in HRM/fan configurations with a small gap
(2.5%, 5%, 7.5%, and 10%) (Fig. 6-10 (b)). By converting all swirl dynamic pressure
to useful static pressure, the corrected fan ideal pressure rise is high in small gap
cases as the interaction effect is more significant (Fig. 6-11 (a)). At the same time,
the corrected fan ideal static efficiency is approximately the same as the fan alone
configuration at best (Fig. 6-11 (b)). The "corrected ideal" results can be interpolated
as the following, an HRM/fan configuration can potentially produce more pressure
rise while efficiency stays the same when the HRM-fan separation distance is small if
the swirl dynamic pressure can be converted to static pressure.
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Figure 6-10: (a) Corrected fan pressure rise & (b) corrected fan efficiency
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Figure 6-11: Comparison of (a) corrected fan ideal pressure rise & (b) corrected fan
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6.1.2

Blow-Through Configuration

In this section, a sensitivity study on the fan-HRM separation gap is investigated. In
the fan/HRM configuration, the HRMs are placed downstream of the rotor blades.
The rotor blade moves from top to bottom in the model, and the airflow is from left
to right. Velocity inlet and pressure outlet are specified as the boundary conditions
on the left and right edges. A periodic boundary condition is specified to simulate the
geometry of a cascade. Figure 6-12 shows the 2-D computational domain. Six gap
thickness are tested including 2.5%, 5%, 10%, 15%, 30%, and 100%. The fan rotor
and system performance will be compared with the fan alone case, representing the
conventional design.

Figure 6-12: 2-D model of fan/HRM (vary separation gap)
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As a result, Fig. 6-13 shows a comparison of the relative velocity magnitude
contours of the fan alone configuration (top), 2.5% gap, 5% gap, 30% gap, and 100%
gap at multiple operating points. Recall that the design flow coefficient is φ =0.35.
The fan alone configuration predicts a flow separation on the blade suction surface.
Qualitatively, the figure shows that the interaction effect is sensitive to the fan-HRM
separation distance, and the effect increases as the gap decreases. The interaction
effect is weak at a large separation distance. For example, at 100% and 30% gap,
the flow fields are nearly identical near the fan rotor comparing to the fan alone case.
When the gap is reduced, the boundary layers become thinner at a 15% gap and
show little or no flow separation on the blade surfaces when the gap is less than 10%.
Therefore, we expect that a small gap will improve the fan rotor performance.
Figure 6-14 shows a comparison of the blade surface pressure coefficient at the
design point for various gap values. The figure indicates that the fan has a higher
loading when the gap is small (i.e., a larger area under the blade loading curves).
The figure also suggests that, unlike the presence of upstream HRMs, the presence of
downstream HRMs does not affect the flow incidence.
Quantitative studies are performed for deep understanding. The fan rotor performance comparison is shown in 6-15, including rotor static pressure rise (a) and static
efficiency (b). Figure 6-15(a) shows that the close-coupling effect greatly benefits the
rotor static pressure rise, which predicts higher numbers as the gap decreases. For
example, at the design point, the 2.5% gap case predicts the highest static pressure
rise of 0.62, which is 18% more than the fan alone case prediction; the 5% gap case
predicts a static pressure rise of 0.607 (15.4% higher); the 10% gap case predicts a
static pressure rise of 0.575 (9.3% higher); the 15% gap case predicts a static pressure rise of 0.56 (6.5% higher); the 30% gap case predicts a static pressure rise of
0.527 (almost identical); the 100% gap case predicts a static pressure rise of 0.526
(identical).
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(a) Fan alone φ=0.3

(b) Fan alone φ=0.35

(c) Fan alone φ=0.39

(d) Fan/HRM 2.5%gap φ=0.3 (e) Fan/HRM 2.5%gap φ=0.35 (f) Fan/HRM 2.5%gap φ=0.39

(g) Fan/HRM 5% gap φ=0.3 (h) Fan/HRM 5% gap φ=0.35 (i) Fan/HRM 5% gap φ=0.39

(j) Fan/HRM 10%gap φ=0.3 (k) Fan/HRM 10%gap φ=0.35 (l) Fan/HRM 10%gap φ=0.39

Figure 6-13: Relative velocity contours
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(p) Fan/HRM 15% gap φ=0.3 (q) Fan/HRM 15% gap φ=0.35 (r) Fan/HRM 15% gap φ=0.39

(s) Fan/HRM 30% gap φ=0.3 (t) Fan/HRM 30% gap φ=0.35 (u) Fan/HRM 30% gap φ=0.39

(v) Fan/HRM 100% gap φ=0.3 (w) Fan/HRM
φ=0.35

100%

gap (x) Fan/HRM
φ=0.39

Figure 6-13: Relative velocity contours
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Figure 6-14: Comparison of the blade surface pressure coefficient
Another key feature we should notice from the static pressure rise curves is that
the fan and HRMs coupling affects the stall boundary. Since the close-coupling effect
gets more intensive when the separation gap decreases, the stall boundaries greatly
extend in the small gap configurations. The fan rotors perform well at flow coefficients
down to 0.26 when the separation gap is less than 15%, which is lower than the fan
alone case stall boundary at a flow coefficient of about 0.3. We perform simulations
on the 2.5% gap case at even lower flow coefficients, and it shows the fan still performs
well at a flow coefficient of 0.17. At large separation distances, the interaction effect
is negligible. Therefore, we expect the stall boundaries to be identical to the fan
alone configuration, e.g., the 30% gap configuration and the 100% gap configuration
predict the same stall boundary at 0.3, which is the same as the fan alone case. Figure
6-15(b) shows that the static efficiencies benefit from the close-coupling effect, and
this improvement on static efficiencies goes up when the separation gap decreases.
However, the improvement is not significant; the 2.5% case predicts a static efficiency
improvement of 1%, which is the most significant case. The figure implies that, even
though the fan benefits from the presence of the HRMs in terms of pressure rise, this
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benefit has not yet shown up in energy usage up to this part of the discussion.
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Figure 6-15: Comparison of (a) static pressure rise & (b) static efficiency
Then, system performance is evaluated. The presence of the swirl velocity generated behind the rotor generates an additional loss in the HRM (i.e., higher velocity
magnitude). Hence the loss across an HRM is much higher in the fan/HRM configuration, lowering the system performance. A comparison of the corrected fan pressure
rise and efficiency is shown in Fig. 6-16. As a result of high loss in the HRM region, the figure indicates that, at the system level, the fan-HRM combination does
not show benefit on static pressure rise. The fan alone configuration predicts greater
static pressure in all flow coefficients than all fan/HRM configurations except the low
flow region in the 2.5% and 5% cases.
To capitalize on the benefits of the close-coupling effect, we will need to inspect
more parameters. The total pressure production is investigated. The rotor total
pressure rise and total efficiency are compared in Fig. 6-17. For the total pressure
rise comparison (a), the trend is very similar to the static pressure rise. The rotors
produce higher total pressure when the HRMs are placed close to the fan. At the
same time, Fig. 6-17(b) shows an efficiency increases around the design point. At
the design point, the 2.5% case predicts the highest efficiency of 97.1%, which is 4%
higher than the fan alone configuration. The total efficiency comparison suggests a
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Figure 6-16: (a) Corrected fan pressure rise & (b) corrected fan efficiency
potential benefit in energy usage. Note, total pressure measurement is taken at the
centerline between the fan rotor trailing-edge and the HRM leading-edge. Later in
this section will show that the total quantities vary depending on the measurement
location in the fan/HRM configuration.
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Figure 6-17: Comparison of (a) fan ideal pressure rise & (b) fan ideal efficiency
In order to capitalize on the total efficiency benefit for most low-speed fan applications, one must be able to convert dynamic pressure to static pressure. One
can easily convert the dynamic swirl pressure to static pressure via de-swirl vanes or
stator blades. Therefore, it will be worthy of looking at the swirl dynamic pressure
production. The comparison is shown in Fig. 6-18. The trend is similar to static
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pressure rise and total pressure rise, in which the benefit from the close-coupling effect
grows stronger with shortening the separation distance.
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Figure 6-18: Comparison of swirl-dynamic pressure rise
Figure 6-19 shows the comparison of the ideal pressure rise coefficient and the ideal
static efficiency. Recall the definition of ideal static pressure rise is the summation
of the fan static pressure rise and swirl dynamic pressure production, which is the
maximum static pressure rise that a fan rotor/stator system can produce. Note that if
we assume all dynamic swirl pressure is recovered to static pressure before entering the
HRM, there will be no additional loss associated with the swirl velocity component.
Therefore, in a fan/HRM configuration, the ideal quantities are equivalent to the
corrected ideal quantities, which implies the ideal system performance. The trend
is similar to the static pressure rise and total pressure rise. The interaction effect is
sensitive to fan-HRM separation distance, and the closer the gap, the higher the ideal
static pressure rise. For example, at the design point, the 2.5% gap case predicts the
highest ideal static pressure rise of 0.93, which is 24.8% more than the fan alone case
prediction. This configuration also shows the benefits of ideal static efficiency, e.g.,
the 2.5% gap case predicts 86%, which is 6% superficial than the fan alone case.
In very rare applications, a fan/HRM system can recover the dynamic swirl pressure, and the swirl velocity still induces additional loss. Figure 6-20 shows the cor152
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Figure 6-19: Comparison of (a) fan ideal pressure rise & (b) fan ideal efficiency
rected fan ideal pressure rise and corrected fan ideal efficiency.
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Figure 6-20: Comparison of (a) corrected fan ideal pressure rise & (b) corrected fan
ideal efficiency
The HRM straighten and uniformize the flow to minimize the overall pressure
drop. Therefore, the presence of downstream HRMs redistributes the incoming flow
field to the HRM, as shown in Fig. 6-21. The quantities at the HRM leading-edge
are useful quantities to overcome the HRM resistance. Therefore, a similar analysis
is performed by using the measurement taken at the HRM leading-edge.
Figure 6-22 shows the total pressure rise between the HRM leading-edge and
the fan leading-edge and total efficiency. For the total pressure rise comparison (a),
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(a) Fan alone

(b) Fan/HRM

Figure 6-21: Effect of flow modification
the trend is very similar to Fig. 6-17(a), in which the rotors produce higher total
pressure when the HRMs are placed close to the fan. However, the companion of
Fig. 6-17(a) and Fig. 6-22(a) suggests that the total pressure magnitude decreases
significantly from the centerline between the fan rotor trailing-edge and the HRM
leading-edge to the HRM leading-edge. To address the reason, we look at the swirl
velocity production. The comparison between Fig. 6-18 and Fig. 6-23 suggests that
the magnitude of swirl velocity decrease when the flow comes to the HRM leadingedge, i.e., flow redistribute near the HRM leading-edge.
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6.2

Resistance Factor

This section investigates the effect of K factor magnitude on fan and system performance, while the fan-HRM separation gap is fixed to 5% of the rotor chord. As we did
in the gap study, both draw-through and blow-through configurations are studied.

6.2.1

Draw-Through Configuration

Figure 6-24 shows the 2-D computational domain of a fan rotor coupled with the
HRMs placed upstream of the rotor blades. The rotor blade moves from top to
bottom in the model, and the airflow is from left to right. Velocity inlet and pressure
outlet are specified as the boundary conditions on the left and right boundaries. A
periodic boundary condition is specified to simulate the geometry of a cascade. A
sensitivity study on the HRM K factor is investigated. Six K factors will be tested,
including K=3, K=5, K=8, K=12.5, K=25, and K=37.5. The low K factors (K=3
and K=5) represent the flow resistance of an air filter. The medium K factors (K=8
and K=12.5) represent the flow resistance of heat-exchangers, while the high K factors
(K=25 and K=37.5)represent multiple heat-exchangers placed in series. The fan rotor
performance and system performance are compared with the fan alone case.

Figure 6-24: 2-D model of HRM/fan (vary K factor)
Figure 6-25 shows a comparison of the relative velocity magnitude contours of the
fan alone (top), HRM/fan K=3, K=5, K=8, K=12.5, K=25, and K=37.5 at multiple
operating points. The design flow coefficient is 0.35. This figure shows that the
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boundary layer separates in the fan alone configuration, and boundary layers become
thinner and are reattached when the K factor increases up to 12.5. Meanwhile, a jet
is formed on the blade surface, and the magnitude also grows with the K factor. The
contour plot of the K factor of 12.5 shows the flow fully reattached. Therefore, the
interaction effect will not further help boundary layer reattachment when the HRM K
factor is further increased. However, as K increases above 12.5, the strength of the jet
becomes stronger. The jets appear to have the effect of delaying flow separation on
the blade suction surface but would result in higher mixing loss downstream. Recall
that from the jet’s discussion, we expect the stronger the jet, the more pronounced
the effect of jet/wake reversal.
Figure 6-26 shows a comparison of the downstream velocity profiles. The figure
suggests that the presence of HRM induces jet/wake reversal downstream of the fan,
and this jet/wake reversal gets stronger as the K factor is increased. A low-velocity
region indicates wake while velocity is relatively uniform in the blade-to-blade region
in the fan alone configuration. The wake magnitude becomes small with an HRM’s
appearance, and a secondary low-velocity region is induced. When the K factor
becomes higher, the velocity in the wake increases, and the blade-to-blade region
velocity decreases. Another key phenomenon is the HRM-fan interaction effect that
affects the stall boundary. A low K factor, the HRM extends the stall boundary, e.g.,
in the K=3 case, the fan works well at φ=0.26, which is lower than the fan alone
case φ=0.3. However, when the HRM K factor is higher than 12.5, the fan-HRM
fan coupling effect works oppositely, decreasing the stall boundary. The instability
is from the jet formation on the rotor blade. For the K=25 case, the fan works well
when the flow coefficient is higher than 0.35, and the K=37.5 case predicts stable
results when the flow coefficient is higher than 0.39.
Figure 6-27 shows a comparison of the blade surface pressure coefficient at the
design point. The figure shows that the upstream HRM’s presence decreases the blade
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(a) Fan alone φ=0.3

(b) Fan alone φ=0.35

(c) Fan alone φ=0.39

(d) HRM/fan K=3 φ=0.3

(e) HRM/fan K=3 φ=0.35

(f) HRM/fan K=3 φ=0.39

(g) HRM/fan K=5 φ=0.3

(h) HRM/fan K=5 φ=0.35

(i) HRM/fan K=5 φ=0.39

(j) HRM/fan K=8 φ=0.3

(k) HRM/fan K=8 φ=0.35

(l) HRM/fan K=8 φ=0.39

Figure 6-25: Relative velocity contours
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(p) HRM/fan K=12.5 φ=0.3

(s) HRM/fan K=25 φ=0.3

(v) HRM/fan K=37.5 φ=0.3

(q) HRM/fan K=12.5 φ=0.35 (r) HRM/fan K=12.5 φ=0.39

(t) HRM/fan K=25 φ=0.35

(u) HRM/fan K=25 φ=0.39

(w) HRM/fan K=37.5 φ=0.35 (x) HRM/fan K=37.5 φ=0.39

Figure 6-25: Relative velocity contours

159

Location/(Y Chord)

1
0.8
Fan alone
K=3

0.6

K=5
K=8
K=12.5

0.4

K=25
K=37.5

0.2
0

0

1

2

3

Figure 6-26: Comparison of downstream velocity profiles
flow incidence, and this effect grows with increasing the K factor. Qualitatively, the
blade loading is largest in the case of K factor equal 8, and this indicates that the
blade loading is the highest. Therefore, it suggests that there is an optimal K value
in terms of getting the highest fan performance.
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Figure 6-27: Comparison of the blade surface pressure coefficient
Figure 6-28 shows the comparison of (a) static pressure rise, (b) static efficiency.
Figure 6-28(a) shows interesting results that the fan pressure rise first goes up with
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increasing K factor, but then the trend reverses as the K factor further increases. For
example, at the design point (φ=0.35), the HRM/fan K=8 configuration produces a
static pressure rise coefficient of 0.607, which is higher than 0.526 in the fan alone
configuration by 15.4%. In contrast, the K=25 configuration produces a static pressure rise coefficient of 0.554, which is only 1.5% higher. The fan alone and fan with
HRMs configurations predict significantly different at the low flow coefficient, and the
deficit became small at the high flow coefficient and merged at φ =0.42. When a flow
coefficient is higher than 0.42, the fan-HRM interaction shows a negative effect on fan
performance. When a fan is coupled with an HRM, the flow incidence will decrease,
and then, in the high flow coefficient region, the interaction effect will speed up the
negative blade stall. Figure 6-28(b) shows that the static efficiency predictions are
very similar in all airspeed for fan alone and the K factor up to 12.5 configurations,
and the K=25 and K=37.5 cases, the static efficiency are low.
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Figure 6-28: Comparison of (a) static pressure rise & (b) static efficiency
Figure 6-28 also shows that a huge deficit of static pressure rise and static efficiency
prediction appears at φ=0.435. When the K factor is large (greater than K=12.5),
the fan rotor produces a much lower static pressure rise and static efficiency than the
low K factor cases. The reason for the difference is the HRM/fan interaction modifies
flow incidence, as we discussed earlier. A comparison of relative velocity contour plots
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at φ=0.435 is shown in Fig. 6-29. In the cases of K=12.5, K=25, and K=37.5, the
rotor blade experience a negative stall, while the K=3, K=5, K=8, and the fan alone
cases still perform well. We want to point out that this does not imply that HRM
with high K-factor values reduces rotor performance, e.g., one can redesign the rotor
geometry to account for the change in flow incidence.

(a) Fan alone

(b) HRM/fan K=3

(c) HRM/fan K=5

(d) HRM/fan K=8

(e) HRM/fan K=12

(f) HRM/fan K=25

(g) HRM/fan K=37.5

Figure 6-29: Relative velocity contours at φ=0.435
Consistent with the gap sensitivity study, more parameters will be looked at.
The rotor total pressure rise and total efficiency are compared in Fig. 6-30. For
the total pressure rise comparison, Fig. 6-30(a) shows that the trend is very similar
to the static pressure rise. However, the total efficiency comparison explicates that
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HRM/fan configurations predict higher total efficiency, and this phenomenon is more
obvious as the flow coefficient decreases. The reason is, at a low flow coefficient, the
boundary layers are thick or even separated. The interaction effect is able to reduce
the boundary layer thickness or reattach the flow.
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Figure 6-30: Comparison of (a) fan ideal pressure rise & (b) fan ideal efficiency
Static pressure is a useful quantity in most low-speed fan applications. Therefore,
the ability to produce static pressure is a determination. One can capitalize on the
total efficiency by somehow convert swirl dynamic pressure to static pressure. The
comparison of swirl dynamic pressure production is shown in 6-31. The fan swirl
dynamic pressure production is significantly higher with the presents of close-coupled
HRM. The higher the K factor, the higher the swirl dynamic pressure production.
The reason is that, in the fan alone configuration, boundary layers are thick, which
decreases flow turning. When HRMs place close to a fan rotor, the coupling effect
helps boundary reattach. Therefore, higher swirl dynamic pressure is produced in the
results of more flow turning.
Recall we define ideal fan pressure rise as adding fan static pressure rise and swirl
dynamic pressure production. One can imply this "ideal" quantity to be the max
possible static pressure production from a fan rotor, and the comparison is illustrated
in Fig. 6-32. This figure clearly shows the static pressure benefit. The fan static
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Figure 6-31: Comparison of swirl-dynamic pressure rise
pressure rise increases as the K factor rises until the K factor equals 12.5. When the
K factor keeps increasing, the fan static pressure rise decreases. A K factor between
8 to 12.5 is optimal for this particular example.
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Figure 6-32: Comparison of (a) fan ideal pressure rise & (b) fan ideal efficiency
Recall we define a corrected fan pressure rise to illustrate how well a fan works in
the system. Figure 6-33 and 6-34 are the comparisons of corrected fan pressure rise (a)
and efficiency (b), and the corrected fan ideal pressure rise (a) and efficiency (b). As
discussed in the early section, the non-uniform in the HRMs results in an additional
loss and low system efficiency, which will reflect on the corrected comparison. Figure
6-33(a) shows a comparison of the corrected fan pressure rise, indicating that the
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corrected fan pressure rise is very similar in all configurations since the fan static
pressure rise benefits compromised with the additional loss in the HRMs. Figure
6-33(b) indicates the efficiencies drop in HRM/Fan configurations, making the fan
alone configuration the best because of the additional loss. Finally, the corrected fan
ideal pressure rise and efficiency comparisons are shown in 6-34the benefit of HRMs
helping flow reattachment show here. A fan has the ability to produce much more
static pressure rise when it is close-coupled with an HRM, while the efficiency remains
the same. The figure also suggests that there is an optimal K value associated with
the HRM.
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Figure 6-33: (a) Corrected fan pressure rise & (b) corrected fan efficiency

165

0.5

1

100

Desgin Point

80

0.6

0.2
0
0.25

ideal

ideal

0.8

0.4

Desgin Point

Fan alone
K=3
K=5
K=8
K=12.5
K=25
K=37.5

0.3

60
Fan alone
K=3
K=5
K=8
K=12.5
K=25
K=37.5

40
20

0.35

0.4

0.45

0
0.25

0.5

(a) Corrected fan ideal pressure rise

0.3

0.35

0.4

0.45

0.5

(b) Corrected fan ideal efficiency

Figure 6-34: Comparison of (a) corrected fan ideal pressure rise & (b) corrected fan
ideal efficiency

6.2.2

Blow-Through Configuration

Similarly, a sensitivity study on the HRM K factor, where HRMs are placed downstream of the rotor blades, is investigated. The rotor blade moves from top to bottom
in the model, and the airflow is from left to right. Velocity Inlet and Pressure Outlet are specified as the boundary conditions on the left and right edges. A periodic
boundary condition is specified to simulate the geometry of a cascade. Figure 6-35
shows the 2-D computational domain. Six K factors will be tested, including K=3,
K=5, K=8, K=12.5, K=25, and K=37.5. The fan rotor and system performance will
be compared with the fan alone case, representing the conventional design.

Figure 6-35: 2-D model of fan/HRM (vary K factor)
Figure 6-36 shows a comparison of the relative velocity magnitude contours of
the fan alone (top), fan/HRM K=3, K=5, K=8, K=12.5, K=25, and K=37.5 at
multiple operating points. The figure shows qualitatively that the presence of a
166

downstream HRM will greatly improve fan performance. The fan rotor has a very
thick boundary layer and the flow separation on the blade suction surface in the fan
alone configuration. With the close-coupled HRMs, boundary layers tend to reattach.
However, this effect is not sensitive to the K factor, as the flow fields are very similar
for all fan/HRM configurations.
Figure 6-37 shows a comparison of the blade surface pressure coefficient at the
design point. Figure qualitatively indicates that the fan loading could be very similar
to the pressure around the blade is nearly identical.
The fan rotor performance comparisons are shown in Fig. 6-38. The comparisons
include rotor static pressure rise coefficient and rotor static efficiency. The figure
shows that the interaction effect significantly helps with fan pressure rise. Even
the static pressure rise prediction is not very sensitive to a K factor between 3 to
37.5, Fig. 6-38 still shows the benefit of static pressure rise grows as the K factor
increases. Another benefit from the fan and HRMs coupling effect is the extension of
the stall boundary. Figure 6-38(b) shows that the static efficiency is very similar for
all configurations.
At the system level, although the fan rotor produces a lot more static pressure rise
when the HRMs are placed near the fan, this benefit can be compromised with the
additional loss from high swirl velocity. Note that if we can convert the dynamic swirl
pressure into static pressure before the downstream HRM, the additional loss can be
avoided (ideal parameters will be discussed later in this section). Figure 6-39 shows
the corrected fan static pressure rise and fan static efficiency. We can also see the
trend that the interaction effect is not sensitive to the K factor. It is seen from these
figures that the gain in fan performance in the presence of the HRMs at the system
level is reduced at the design point, although the increase in stall margin is preserved.
In this particular example, it is seen that while the corrected static pressure rise is
about the same, the corrected fan static efficiency is lower.
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(a) Fan alone φ=0.3

(b) Fan alone φ=0.35

(c) Fan alone φ=0.39

(d) Fan/HRM K=3 φ=0.3

(e) Fan/HRM K=3 φ=0.35

(f) Fan/HRM K=3 φ=0.39

(g) Fan/HRM K=5 φ=0.3

(h) Fan/HRM K=5 φ=0.35

(i) Fan/HRM K=5 φ=0.39

(j) Fan/HRM K=8 φ=0.3

(k) Fan/HRM K=8 φ=0.35

(l) Fan/HRM K=8 φ=0.39

Figure 6-36: Relative velocity contours
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(a) Fan/HRM K=12.5 φ=0.3 (b) Fan/HRM K=12.5 φ=0.35 (c) Fan/HRM K=12.5 φ=0.39

(d) Fan/HRM K=25 φ=0.3

(e) Fan/HRM K=25 φ=0.35

(f) Fan/HRM K=25 φ=0.39

(g) Fan/HRM K=37.5 φ=0.3 (h) Fan/HRM K=37.5 φ=0.35 (i) Fan/HRM K=37.5 φ=0.39

Figure 6-36: Relative velocity contours
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Figure 6-38: Comparison of (a) static pressure rise & (b) static efficiency
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Figure 6-39: (a) Corrected fan pressure rise & (b) corrected fan efficiency
In order to appreciate the benefit of placing the HRMs close to the fan in terms of
fan efficiency, one needs to inspect the total efficiency. Figure 6-40 shows a comparison
of the fan total pressure rise and the total efficiency. The trend in total pressure
rise is similar to the static pressure rise shown in Fig. 6-38. The interaction effect
significantly helps with fan total pressure rise, and this effect is not sensitive to a K
factor between 3 to 37.5. The HRM/fan configurations predict a much higher total
pressure rise than the Fan alone configuration. For example, at the design point,
the K=37.5 case predicts a total pressure coefficient of around 1.05, which is 17.5%
superficial than the fan alone configuration prediction. For the K=3 case, it predicts
a total pressure rise of 1.0 (15.5% higher). Respectively, figure 6-40(b) shows an
improvement in total efficiency. At the design point, there is an improvement in the
total efficiency of 3.8% in the K=37.5 case and 3.4% in the K=3 case.
In many applications where the useful quantity is the fan static pressure rise
instead of total pressure rise, one must capitalize on the improvements in the fan
total pressure rise and total efficiency. One must somehow be able to convert dynamic
pressure rise to the useful static pressure rise, and we know swirl component dynamic
pressure is easy to convert to static pressure by stators or vanes. Figure 6-42 shows
that the interaction effect can increase the swirl dynamic pressure production over
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Figure 6-40: Comparison of (a) fan ideal pressure rise & (b) fan ideal efficiency
40% in the K=37.5 case, which is the greatest.
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Figure 6-41: Comparison of swirl-dynamic pressure rise
Then, we define the fan ideal static pressure coefficient and static efficiency. Recall that the word "ideal" here implies the values one would obtain if one is able to
convert 100% of the available swirl dynamic pressure to static pressure. Note, since
we assume all dynamic swirl pressure is recovered to static pressure, there will be no
additional loss associated with swirl velocity. Therefore, in a fan/HRM configuration, the ideal quantities are equivalent to corrected ideal quantities, which implies
the system performance. Figure 6-42 (a) and (b) show the fan ideal static pressure
coefficient and static efficiency, respectively. Figure 6-42 shows that at the design
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point, when compared to the fan alone case, the ideal static pressure coefficient and
ideal static efficiency can be improved by 25% and 5.7%, respectively.
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Figure 6-42: Comparison of (a) fan ideal pressure rise & (b) fan ideal efficiency
In very rare applications, a fan/HRM system will be able to recover the dynamic
swirl pressure, and the swirl velocity still induces additional loss. Figure 6-43 shows
the corrected fan ideal pressure rise and corrected fan ideal efficiency.
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Figure 6-43: Comparison of (a) corrected fan ideal pressure rise & (b) corrected fan
ideal efficiency
In previous sections, we discussed the flow redistribution from the fan trailingedge to the HRM leading-edge. Figure 6-44 shows the total pressure rise between the
HRM leading-edge and the fan leading-edge and total efficiency. The total pressure
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rise comparison shows a very distinct trend, in which the fan rotor’s total pressure
production decreases when the HRM’s resistance factor increases. The reason is as
follows. To minimize pressure drop, an HRM with a higher resistance factor will
redistribute the flow field, so it enters the HRM region with a more uniform axial
velocity profile. The comparison of Fig. 6-41 and Fig. 6-45 shows that change
of swirl velocity magnitude from the centerline between the rotor trailing-edge and
the HRM leading-edge to the HRM leading-edge. This comparison shows that the
magnitude of swirl velocity decreases with increasing the K resistance factor.
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Figure 6-44: Comparison of (a) fan ideal pressure rise & (b) fan ideal efficiency
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Figure 6-45: Comparison of swirl-dynamic pressure rise
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6.3

Resistance Homogeneity

Conventional heat-exchangers are constructed using flat metal plates (Fig. 6-46).
When a fan rotates, the relative angle of the fan span and the plates keeps changing.
The HRM streamwise resistance factor remains almost identical, as the pressure drop
from the streamwise component depends on the axial length of the heat-exchanger.
However, the circumferential component of loss will change significantly. Here, we
trace one fan rotor blade for a half revolution to show the circumferential resistance
factor variation change. First, we start at a relative position where the blade span
is perpendicular to the heat-exchanger fins, as shown in Fig. 6-47(a). In this case,
the fan sees a resistance that the circumferential component K factor close zero, as
the flow can move freely parallel to the fins. As the fan rotates (counterclockwise
in this example), the circumferential component K factor starts to increase (Fig. 647(b)). When the fan turns 90-deg relative to the original position, the fan span is
now parallel to the fins. At this position, the HRM will have an infinity resistance
in the circumferential component, as the flow can not go through the fins (Fig. 647(c)). As the fan keeps rotating, the circumferential component K factor decreases
(Fig. 6-47(b)) and eventually goes back to a position shown in Fig. 6-47(a). In
other sections, a homogeneous HRM is chosen to model the HRMs, representing
approximated "time-average" values for K in different directions. This section is an
extension of the HRM resistance factor study. We will look at the two extreme cases
in which the circumferential component K factor equals zero and infinity, representing
the fan rotor positions shown in (a) and (b).
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(a) Heat sink in servers

(b) Air handling unit heat-exhcanger

Figure 6-46: Example of (a) heat sink in servers & (b) air handling unit heatexhcanger

(a) Fan span-fins in perpendicular relative position

(b) Fan span-fins in angle

(c) Fan span-fins in parallel relative position

Figure 6-47: Fan span-fins in three relative positions
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6.3.1

Draw-Through Configuration

In this section, we investigate the effects of flow resistance homogeneity for the drawthrough configuration. Figure 6-48 shows a comparison of the relative velocity magnitude contours of the fan alone (top), HRM/fan Streamwise K=8 & circumferential
component K=0, HRM/fan homogeneous K factor (K = 8 in both directions), and
HRM/fan Streamwise K=8 & circumferential component K=infinity at multiple operating points. Recall the design flow coefficient is 0.35. Figure 6-48 shows that the
homogeneous configuration predicts the best fan performance; the boundary layers
become thinner or boundary layers fully reattached. In the zero circumferential K
factor case, the boundary layers are thinner than the fan alone case but still very
thick. In contrast, the infinity circumferential K factor case removes flow separation
at all flow coefficients. Although the boundary layer separation is removed, strong
jets are formed around the blade, which will be seen to have adverse effects on blade
performance.
Figure 6-49 shows the comparison of (a) static pressure rise, (b) static efficiency.
Figure 6-49(a) indicates that the stall boundary is greatly affected by the different
K models. For example, the homogeneous case works well at φ=0.26, which is lower
than the fan alone case (φ=0.30). However, the zero circumferential K factor case
predicts stable results when the flow coefficient is greater than 0.35, and the infinity
circumferential K factor case has a stalled boundary at φ=0.39. The stall boundary
is reduced significantly in the two configurations non-homogeneous K models because
of the jet’s instability. A powerful jet or a very weak jet boundary increases the
instability.
As the stall boundary is greatly affected by the relative position, the infinity circumferential K factor case doesn’t predict stable results at the design point. Therefore, we will not look into the detail of other parameters. Comparison figures are
showing here for a reference to confirm the trend as we see in the static pressure and
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(a) Fan alone φ=0.3

(b) Fan alone φ=0.35

(c) Fan alone φ=0.39

(d) HRM/fan
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Kx=8&Ky=8 (i) HRM/fan
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(j) HRM/fan Kx=8&Ky=inf. (k) HRM/fan Kx=8&Ky=inf. (l) HRM/fan Kx=8&Ky=inf.
φ=0.3
φ=0.35
φ=0.39

Figure 6-48: Relative velocity contours
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Figure 6-49: Comparison of (a) static pressure rise & (b) static efficiency
static efficiency comparison.
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Figure 6-50: Comparison of (a) fan ideal pressure rise & (b) fan ideal efficiency
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Figure 6-53: (a) Corrected fan pressure rise & (b) corrected fan efficiency
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Figure 6-54: Comparison of (a) corrected fan ideal pressure rise & (b) corrected fan
ideal efficiency

6.3.2

Blow-Through Configuration

In this section, we investigate the effects of flow resistance homogeneity for the blowthrough configuration. Figure 6-55 shows a comparison of the relative velocity magnitude contours of the fan alone (top), fan/HRM streamwise K=8 & circumferential
component K=0, fan/HRM homogenous K factor, and fan/HRM streamwise K=8 &
circumferential component K=infinity at multiple operating points. Recall the design
flow coefficient is 0.35. Figure 6-55 qualitatively shows that a downstream HRM will
help with fan performance in all relative positions. All three fan/HRM configurations
predict little or no flow separation on the blade surface, while the fan rotor has a
very thick boundary layer and/or flow separation on the blade suction surface in the
fan alone configuration. The figure also suggests that the infinity circumferential K
factor case has the thinnest boundary layer in the three fan/HRM configurations, and
the zero circumferential K factor case predicts thicker boundary layers. This implies
that the fan rotor will perform the best in the relative parallel position, relatively the
worst in the perpendicular position, and all other relative positions are in between
the two bounds.
The fan rotor performance comparisons are shown in Fig. 6-56. The comparisons
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(a) Fan alone φ=0.3

(b) Fan alone φ=0.35

(c) Fan alone φ=0.39
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Figure 6-55: Relative velocity contours
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include rotor static pressure rise coefficient and rotor static efficiency. The figure confirmed our expectation that the fan rotor takes advantage of the interaction effect at
all flow coefficients. At the design point φ=0.35, the infinity circumferential K factor
case predicts the highest static pressure rise coefficient of 0.63, which is 20% higher
than the fan alone configuration prediction. The homogenous K factor case predicts
a pressure coefficient of around 0.61 (16.2% benefit), and the zero circumferential
K factor case predicts 0.582 (10.8% benefit). Figure 6-56(b) shows that the static
efficiency is very similar for all configurations.
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Figure 6-56: Comparison of (a) static pressure rise & (b) static efficiency
At the system level, although the fan rotor produces more static pressure rise
when the HRMs are placed near the fan, this benefit can be compromised with the
additional loss from high swirl velocity dissipation. In the fan/HRM configuration,
different relative positions of the blade predict very different additional losses. The
zero circumferential K factor case indicates minimal additional loss since the swirl
velocity doesn’t contribute to the loss, as there is no circumferential flow resistance.
The infinity circumferential K factor case also brings in no additional loss. In this
case, because the resistance is so high, the flow before the heat-exchanger readjusts
itself so that no swirl velocity comes into the HRM - thus, no additional loss is
produced. The additional loss will be generated in any other relative position of the
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blade. Figure 6-57 shows the corrected fan static pressure rise and fan static efficiency.
Recall we define a corrected fan pressure rise to illustrate how well a fan works in
the system. The figure shows that the static pressure rise benefit is maintained at
the parallel relative position and the perpendicular relative position. However, in
any other relative positions, the fan static pressure rise is partially compromised with
the additional loss in the HRM. In one revolution of rotation, the system’s static
pressure rise production will repeat a cycle. Reflecting on Fig. 6-57(a), the working
curve will continually change from green-blue-red-blue-green. Therefore, the overall
system pressure rise is expected higher than the fan alone case. In the meanwhile, Fig.
6-57(b) shows the overall efficiency will be lower than the fan alone configuration.
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Figure 6-57: (a) Corrected fan pressure rise & (b) corrected fan efficiency
In order to appreciate the benefit of placing the HRMs close to the fan in terms of
fan efficiency, one needs to inspect the total efficiency. Figure 6-58 shows a comparison
of the fan total pressure rise and the total efficiency. The trend in total pressure rise
is similar to the static pressure rise shown in Fig. 6-58. In all locations, the fan rotor
takes advantage of the interaction effect. In the parallel relative position, the fan
performance is the upper bound, and in the relative perpendicular position, the fan
performance is the lower bound. Respectively, figure 6-58(b) shows an improvement
in total efficiency. At the design point, there is an improvement in the total efficiency
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of 4% in the infinity circumferential K factor case, 3.5% in the homogenous K factor
case, and 3% in the zero circumferential K factor case.
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Figure 6-58: Comparison of (a) fan ideal pressure rise & (b) fan ideal efficiency
In many applications where the useful quantity is the fan static pressure rise and
not the total pressure rise, one must capitalize on the improvements in the fan total
pressure rise and total efficiency if one is able to convert the swirl dynamic pressure
to the useful static pressure rise. The swirl dynamic pressure production comparison
is shown in Fig. 6-59. The trend is very similar to the static pressure rise and total
pressure rise. A fan produces the highest dynamic pressure at the parallel relative
position and the lowest at the relative perpendicular position. A fan will produce a
dynamic pressure between the two bounds in any other relative position. Again, note
that a significant swirl is produced at the low flow coefficient range.
Figure 6-60 (a) and (b) show the fan ideal static pressure coefficient and static
efficiency, respectively. Recall that the word "ideal" here implies the values one would
obtain if one is able to convert 100% of the available swirl dynamic pressure to static
pressure (e.g., via a stator blade row). Note, since we assume all swirl dynamic
pressure is recovered to static pressure, there will be no additional loss associated
with swirl velocity. Therefore, in a fan/HRM configuration, the ideal quantities are
equivalent to corrected ideal quantities, which implies the system performance. Figure
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Figure 6-59: Comparison of swirl-dynamic pressure rise
6-60 shows that at the design point, when compared to the fan alone case, the ideal
static pressure coefficient and ideal static efficiency can be improved by 27% and 6%,
respectively.
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Figure 6-60: Comparison of (a) fan ideal pressure rise & (b) fan ideal efficiency
In very rare applications, a fan/HRM system can recover the swirl dynamic pressure, and the swirl velocity still induces additional loss. Figure 6-61 shows the corrected fan ideal pressure rise and corrected fan ideal efficiency.
In previous sections, we discussed the flow redistribution from the fan trailing-edge
to the HRM leading-edge, and fan performance maps were plotted at the mid-plane
station between the fan trailing-edge and the HRM leading-edge. We now present
186

90

Desgin Point

1

80

0.8

70

ideal

ideal

1.2

60

0.6
0.4
0.2
0.25

Desgin Point

Fan alone
Homogenous K
Kswirl=0
Kswirl=inf.

0.3

0.35

Fan alone
Homogenous K
Kswirl=0
Kswirl=inf.

50

0.4

0.45

40
0.25

0.5

(a) Corrected fan ideal pressure rise

0.3

0.35

0.4

0.45

0.5

(b) Corrected fan ideal efficiency

Figure 6-61: Comparison of (a) corrected fan ideal pressure rise & (b) corrected fan
ideal efficiency
these solutions using the CFD data taken at the HRM leading-edge station. Figure
6-62 shows the total pressure rise and total efficiency. Comparing Fig. 6-58(a) and
Fig. 6-62(a), the total pressure rise stays the same in the Kswirl=0 configuration,
decreases a little in the homogenous configuration, and reduces significantly in the
Kswirl=inf. configuration. The reason is as follows. For the case where Kswirl=inf,
all the swirl is dissipated at the HRM leading-edge because the flow cannot have
a swirl velocity component in the HRM region. As an example, at the design flow
coefficient, the total pressure coefficient is reduced by about 0.3. Comparing the
swirl distribution between Fig. 6-59 (swirl at mid-plane between fan trailing-edge
and HRM leading-edge) and Fig. 6-63 (swirl at HRM leading-edge), it is seen that
the swirl dynamic pressure goes from 0.3 to zero. This is exactly the loss in total
pressure. Note that because the swirl velocity is zero in the HRM region for this
case, the corrected fan pressure rise is the highest as the loss in the HRM region
is the lowest. At the other extreme with Kswirl=0, the swirl dynamic pressure is
conserved, going from the rotor trailing-edge to the HRM leading-edge.
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6.4

Summary

This chapter presents a parametric study of fan and HRM interactions for a rotor fan
only in the 2-D cascade limit. The findings should apply to the fans with a large hubto-tip ratio, which is widely used in applications such as 1U computer servers. The two
configurations examined are the draw-through and the blow-through configurations.
The varying parameters include gap distance between the fan and the HRM, the
magnitude of HRM’s K resistance values, and the homogeneity of the K resistance
values. The general findings are summarized below.
In the draw-through configuration,
(a) in terms of fan rotor performance, the presence of the HRM is always beneficial
in terms of increased pressure rise. However, no improvement in fan static efficiency
is observed. This is due to the presence of a strong jet wrapping around the blade,
resulting in high dynamic pressure. Total pressure rise and total efficiency are seen to
be increased, but a stator blade row should be used to take advantage of this benefit.
Finally, it is found that fan performance is much improved in the stall region.
(b) in terms of system performance, the results show that the presence of the upstream
HRM is decremental, especially when the gap is small, in the range of 10% chord or
less. In this range of gaps, the velocity field in the HRM is highly non-uniform due to
the proximity of the HRM to the fan leading-edge region (or the stagnation region),
resulting in higher loss across the HRM. Other disadvantages in the draw-through
configuration at a small gap include the presence of the strong jet wrapping around
the blade includes higher mixing losses downstream of the rotor.
(c) At a small gap and high K factor, the fan operating point shifts significantly. It
is recommended that in this situation, the fan should be designed with the coupling
effect.
In the blow-through configuration,
(a) in terms of fan rotor performance, the presence of the HRM is again always
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beneficial in terms of increased pressure rise, and the benefit starts to disappear
at a gap larger than around 10%-20%. Improvement in fan static efficiency is also
observed. This is due to the presence of a strong jet wrapping around the blade,
resulting in high dynamic pressure. Total pressure rise and total efficiency are seen to
be improved significantly, but a stator blade row should be used to take advantage of
this benefit. Another important finding is that the benefit is present for K resistance
values as low as 3. Similar to the draw-through configuration, it is found that fan
performance is much improved in the stall region.
(b) in terms of system performance, the results show that the presence of the upstream
HRM is very decremental because of the larger velocity magnitude entering the HRM.
In particular, at the same flow coefficient, the velocity entering the HRM region has
a circumferential velocity component. Thus the magnitude of the velocity is higher,
resulting in a higher loss in the HRM region.
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Chapter 7
2-D Effects of Close-Coupled Air
Resistance on High Diffusion
Factor Stator Performance
Chapter 5 and Chapter 6 suggest that the fan-HRM interaction effect greatly helps
fan rotor aerodynamics in terms of delaying flow separation. A major benefit of fan
performance is a significant amount of swirl dynamic pressure production from a
high DF fan. Therefore, it is crucial to converting the swirl velocity to useful static
pressure to improve fan static efficiency. In this chapter and in the following chapter,
we will explore methods of recovering swirl dynamic pressure to static pressure.
In this chapter, we explore the close-coupled interaction effect of an HRM on
stator performance. We expect the stator-HRM interaction effect to work similarly
to the rotor-HRM interaction effect discussed in the previous chapter. Therefore,
similar to the rotor-HRM interaction study, we will examine the effect of stator/HRM
separation distance, HRM resistance K factor, and HRM resistance homogeneity on
stator performance. In the meanwhile, we tentatively evaluate the leading-edge and
trailing-edge designs.
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7.1

Separation Gap

Figure 7-1 shows the 2-D computational domain of a stator coupled with the high
resistance mediums (HRM) placed downstream of the stator blades. A sensitivity
study on the stator-HRM separation gap is investigated by changing the gap distance.
Five gap thicknesses are tested, including 2.5%, 5%, 10%, 30%, and 100%. The stator
performance and system performance will be compared with the stator alone case,
representing the conventional design. In the CFD model, the stators are stationary.
Velocity inlet and pressure outlet are specified as the boundary conditions on the left
and right computational boundaries. A Periodic boundary condition is specified to
simulate the geometry of a cascade.

Figure 7-1: 2-D model of stator/HRM (vary separation gap)
The stator geometrical parameters are shown in Table 7.1. The stator is designed
for an inlet flow angle of 54.5 degrees. However, since the flow is highly separated at
the design point, the maximum swirl dynamic pressure recovery point is at an inlet
flow angle of 47 degrees. The stator has a maximum thickness of 7% of the chord and
a spacing to an axial-chord ratio of 0.83. Reynold’s number based on the freestream
axial velocity and stator axial chord is about 25,000. The leading-edge blade angle
is 54.5 degrees, while the trailing-edge blade angle is 0 degrees. The diffusion factor
at the design point is around 0.8. This stator is designed to work with the high DF
rotor blade introduced in Chapter 5 and studied in detail in Chapter 6.
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Re
25,000
Spacing/Chord
0.923
Max Thickness 7% of Chord

leading-edge blade angle
54.5◦
trailing-edge blade angle
0◦
Diffusion factor at design point 0.795

Table 7.1: Stator geometrical parameters
Figure 7-2 shows a comparison of the velocity magnitude contours of the stator
alone configuration (top), stator/HRM 2.5% gap, 5% gap, 10% gap, 30% gap, and
100% gap at multiple inlet flow angles. The configuration of the stator alone predicts
a very thick boundary layer and a flow separation on the blade suction surface. This
is expected as the stator’s DF is much higher than the nominal value used in conventional stator design. The figure shows qualitatively that the interaction effect is
sensitive to the stator-HRM separation distance, and the effect increases as the gap
decreases. The interaction effect is weak at a large separation distance. For example,
when an HRM is one chord downstream of the stator, the presence of the HRM does
not affect the flow field near the fan rotor. When the gap is reduced to about 30%,
the boundary layer becomes thinner. The flow field shows little or no flow separation
on the blade surfaces when the gap is less than 10%. Therefore, we expect the stator
will perform better at a small gap.
Figure 7-3 shows the comparison of static pressure rise and the percentage of
the swirl dynamic pressure recovery. Figure 7-3 (a) and (b) clearly show that the
interaction effect gets stronger when the separation gap is decreased, which leads to a
significant increase in static pressure rise. Figure 7-3 (c) and (d) is zoomed in near the
design point, which shows the 2.5% gap case predicts an increase in the swirl dynamic
pressure recovery percentage from 60% to 83% at the design inlet flow angle. The
figures show that the improvement is about the same when the gap is around 10% or
less.
System performance is crucial because of the potential increase in loss across the
HRM due to flow non-uniformity. Figure 7-4 shows that the velocity profile compari-
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(a) Stator alone 40◦

(b) Stator alone 45◦

(d) Stator/HRM 2.5%gap 40◦ (e) Stator/HRM 2.5%gap 45◦

(c) Stator alone 50◦

(f) Stator/HRM 2.5%gap 50◦

(g) Stator/HRM 5%gap 40◦

(h) Stator/HRM 5%gap 45◦

(i) Stator/HRM 5%gap 50◦

(j) Stator/HRM 10%gap 40◦

(k) Stator/HRM 10%gap 45◦

(l) Stator/HRM 10%gap 50◦

(m) Stator/HRM 30%gap 40◦

(n) Stator/HRM 30%gap 45◦

(o) Stator/HRM 30%gap 50◦

(p) Stator/HRM 100%gap 40◦ (q) Stator/HRM 100%gap 45◦ (r) Stator/HRM 100%gap 50◦

Figure 7-2: Relative velocity contours
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Figure 7-3: Comparison of stator static pressure rise & percentage of swirl dynamic
pressure recovery (full range (a) & (b), zoomed in near the design point (c) & (d))
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son at a location 2.5% of the stator chord downstream for all gap configurations at the
design point. When the separation gap is large, the velocity profile suggests a large
wake region with a low velocity. In the blade-to-blade region, the velocity magnitude
is much higher than the free stream axial velocity. This highly non-uniform velocity
profile entering the HRMs will lead to additional loss across the HRM. On the contrary, the small gap configurations predict a smaller wake and lower blade-to-blade
velocity magnitude, leading to lower additional loss across the HRM.
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Figure 7-4: Comparison of velocity profile at a location 2.5% of the stator chord
downstream
The system performance is shown in 7-5. Comparing the stator performance and
the system (or stator+HRM) performance, Fig. 7-5 is generally similar the Fig. 7-3.
The static pressure production is nearly identical near the design point in the closecoupled configurations since the additional loss is negligible. A significant deficit
between the stator performance and system performance is found only at the very
high inlet flow angles, i.e., in the 60-degree case, the 2.5% gap configuration predicts
a 56.9% swirl dynamic pressure recovery from the stator and 50.5% at the system
level. As we discussed earlier, the interaction effect is weak when the separation gap
is large. In those configurations, the boundary layers are very thick. Therefore, the
velocity profile entering the HRM is non-uniform, which induces an additional loss
in the HRM, lowing the system performance more significantly than the small gap
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configuration cases. For example, at the design point, the 100% gap configuration
predicts a 72% swirl dynamic pressure recovery from the stator and 68.7% at the
system level, and the 60-degree case predicts 55.4% and 51.3%, respectively.
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Figure 7-5: Comparison of corrected stator static pressure rise & percentage of swirl
dynamic pressure recovery (full range (a) & (b), zoomed in near the design point (c)
& (d))
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7.2

Resistance Factor

Figure 7-6 shows the 2-D computational domain of a stator coupled with the High
Resistance Mediums (HRMs) placed downstream of the stator blades. A sensitivity
study on the HRM K factor is investigated. Five K factors will be tested, including
K=1, K=3, K=8, K=12.5, and K=25. The low K’s represent the flow resistance of
an air filter, while the high K’s represent multiple heat-exchangers placed next to
each other. The stator performance and system performance will be compared with
the stator alone case. The stator blade geometry is the same one used in the effect
separation gap study, and the separation gap between the stator and the HRM is 5%
of the stator chord. Velocity inlet and pressure outlet are specified as the boundary
conditions on the left and right boundaries. The periodic boundary condition is
specified to simulate the geometry of a cascade.

Figure 7-6: 2-D model of stator/HRM (vary K factor)
Figure 7-7 shows a comparison of the relative velocity magnitude contours of
the stator alone (top), stator/HRM with K=1, K=3, K=8, K=12.5, and K=25 at
multiple operating points. The figure shows that the stator-HRM interaction effect
greatly helps boundary layer reattachment and thickness reduction in all resistance
settings, which qualitatively suggests stator performance improvement. In general,
the contours are very similar for all resistance settings at the same inlet flow angle,
which suggests even an HRM with a small resistance factor will stator boundary layer
flow separation. For example, the K=1 case predicts a very thin boundary layer at
the design point. Note that at a design point of 45 degrees, the static pressure loss
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is equivalent to the free stream swirl dynamic pressure. Therefore, a low resistance
factor, like K=1, is natural to influence the flow field greatly. However, we can still
see that the boundary layers become thinner as the resistance factor of the HRM
increases (the blue region is smaller).
Figure 7-8 shows the comparison of static pressure rise and the percentage of the
swirl dynamic recovery. In the static pressure rise curve, the black curve represents
the ideal pressure recovery, i.e., all the upstream swirl dynamic pressure is recovered
without loss. The figure clearly shows that the interaction effect gets stronger when
the resistance factor is increased, which leads to a significant increment in static
pressure production. For example, at the design inlet flow angle, the K=25 case
predicts an 86% swirl dynamic pressure conversion, which is 26% higher than the
stator alone case prediction. The K=8 and K=12.5 are common heat-exchanger
resistance factors used in AHUs. They predict 25.25% and 24.6% higher swirl dynamic
pressure recovery than the stator alone case prediction.
System performance evaluation is crucial because of the potential additional loss
across the HRM due to flow non-uniformity. Similar to the study of the stator-HRM
separation gap effect of stator performance, we will first investigate the velocity profile
at the HRM leading-edge (shown in Fig. 7-9). This figure suggests that the velocity
profiles are more uniform with a high K factor. If we look at the mass flow averaged
velocity at this location, high K factor HRM cases have the value of the velocity
entering the HRM closer to the free stream axial velocity. Small variation and low
mass flow averaged velocity will lead to very little additional loss, which is negligible
near the design point. Figure 7-10 shows the system static pressure rise, and it is
very similar to Fig. 7-8 near the design point. Only at very high inlet flow angles, we
see the system performance drop.
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(a) Stator alone 40◦

(b) Stator alone 45◦

(c) Stator alone 50◦

(d) Stator/HRM K=1 40◦

(e) Stator/HRM K=1 45◦

(f) Stator/HRM K=1 50◦

(g) Stator/HRM K=3 40◦

(h) Stator/HRM K=3 45◦

(i) Stator/HRM K=3 50◦

(j) Stator/HRM K=8 40◦

(k) Stator/HRM K=8 45◦

(l) Stator/HRM K=8 50◦

(m) Stator/HRM K=12.5 40◦

(n) Stator/HRM K=12.5 45◦

(o) Stator/HRM K=12.5 50◦

(p) Stator/HRM K=25 40◦

(q) Stator/HRM K=25 45◦

(r) Stator/HRM K=25 50◦

Figure 7-7: Relative velocity contours
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Figure 7-8: Comparison of stator static pressure rise & percentage of swirl dynamic
pressure recovery (full range (a) & (b), zoomed in near the design point (c) & (d))
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Figure 7-9: Comparison of velocity profile at HRM leading-edge
201

3

90

Desgin Point

80
Stator alone
K=1
K=3
K=8
K=12.5
K=25

2
1.5

% of recovery

static

2.5

1
0.5
40

Stator alone
K=1
K=3
K=8
K=12.5
K=25

70
60
50

50

40
40

60

Inlet flow angle

50

60

Inlet flow angle

(a) Static pressure rise
1.5

Desgin Point

(b) Percentage of swirl dynamic pressure recovery
90

Desgin Point

Desgin Point

Stator alone
K=1
K=3
K=8
K=12.5
K=25

1

% of recovery

static

85
80

Stator alone
K=1
K=3
K=8
K=12.5
K=25

75
70
65
60

0.5
40

45

55
40

50

Inlet flow angle

(c) Static pressure rise

45

50

Inlet flow angle

(d) Percentage of swirl dynamic pressure recovery (zoomed in near the design point)

Figure 7-10: Comparison of corrected stator static pressure rise & percentage of swirl
dynamic pressure recovery (full range (a) & (b), zoomed in near the design point (c)
& (d))
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7.3

Resistance Homogeneity

Chapter 6 discussed how the relative positions of a typical HRM (e.g., conventional
heat-exchanger) affect fan rotor performance. The relative position between the fan
rotor blades and the heat-exchanger fins continually changes when a rotor rotates.
Therefore, the fan sees an HRM with cross-flow resistance factor values change periodically. Regarding the stators, even the relative positions are fixed for each blade;
different stator blades experience different relative positions with the heat-exchanger
fins. Therefore, the resistance factors are also different for different stator blade
positions.
This section will perform a similar study for stator blades as we did for rotor
blades. The geometry of the study is shown in Fig. 7-11. Detailed geometrical parameters of the stator blades are shown in Table 7.2. Multiple circumferential K factor
settings are tested, representing different relative positions. An HRM with a homogenous K factor of 8 represents an average relative position of all the stator blades. An
HRM with a streamwise K=8 & circumferential component K=0 represents a relative
position that the stator span is perpendicular to the heat-exchanger fins. An HRM
with a streamwise K=8 & circumferential component K=infinity represents a relative
position that the stator span is parallel to the heat-exchanger fins.

Figure 7-11: 2-D model of stator/HRM (vary circumferential component K)
Figure 7-12 shows a comparison of the velocity magnitude contours of the stator
alone (top), stator/HRM with homogenous K factor, streamwise K=8 & circumferen203

Re
25,000
Spacing/Chord
0.923
Max Thickness 7% of Chord

leading-edge blade angle
54.5◦
trailing-edge blade angle
0◦
Diffusion factor at design point 0.795

Table 7.2: Stator geometrical parameters
tial component K=0, and streamwise K=8 & circumferential component K=infinity
configurations at multiple operating points. Figure 7-12 qualitatively shows that a
downstream HRM will improve stator performance at all relative positions. All three
fan/HRM configurations predict little or no flow separation on the blade surface,
while the stator has a very thick boundary layer and/or flow separation on the blade
suction surface in the stator alone configuration. The figure also suggests that the
infinity circumferential K factor case has the thinnest boundary layer, and the zero
circumferential K factor case predicts the thickest boundary layers. This qualitative
comparison of the boundary layer thickness implies that the stator blade will perform
the best in the relative parallel position, relatively the worst in the perpendicular
position, and all other relative positions are in between the two bounds.
Figure 7-13 shows a comparison of stator performance, including (a) static pressure rise and (b) percentage of the swirl dynamic recovery, and Fig. 7-14 shows a
comparison of system performance. Both figures confirm the qualitative findings in
the contour plots. Note that the case with K=infinity in the circumferential direction
recovers nearly all the swirl dynamic pressure to static pressure over a wide range of
inlet flow angles.
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(a) LE stator alone 45◦

(b) LE stator alone 50◦

(c) Stator/HRM Kx=8&Ky=0 (d) Stator/HRM Kx=8&Ky=0 (e) Stator/HRM Kx=8&Ky=0
45◦
50◦
55◦

(f) Stator/HRM K=8 40◦

(g) Stator/HRM K=8 50◦

(h) Stator/HRM K=8 55◦

(i)
Stator/HRM (j)
Stator/HRM (k)
Stator/HRM
Kx=8&Ky=inf. 45◦
Kx=8&Ky=inf. 50◦
Kx=8&Ky=inf. 55◦

Figure 7-12: Velocity contours
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Figure 7-13: Comparison of stator static pressure rise & percentage of swirl dynamic
pressure recovery (full range (a) & (b), zoomed in near the design point (c) & (d))

206

3

90

Desgin Point

Stator alone
Homogeneous K
Kswirl=inf.
Kswirl=0

2
1.5

% of recovery

static

2.5

80

50

55

50
45

60

Inlet flow angle

50

55

60

Inlet flow angle

(a) Static pressure rise
2

Stator alone
Homogeneous K
Kswirl=inf.
Kswirl=0

70

60

1
0.5
45

Desgin Point

(b) Percentage of swirl dynamic pressure recovery
90

Desgin Point

Desgin Point

1.5
static

Stator alone
Homogeneous K
Kswirl=inf.
Kswirl=0

1

% of recovery

85
Stator alone
Homogeneous K
Kswirl=inf.
Kswirl=0

80
75
70

0.5
45

50

65
45

55

Inlet flow angle

(c) Static pressure rise

50

55

Inlet flow angle

(d) Percentage of swirl dynamic pressure recovery (zoomed in near the design point)
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7.4

Leading-Edge Loading Design VS.Trailing-edge
Loading Design

In this section, we compare leading-edge loading stator designs versus trailing-edge
loading stator designs. Figure 7-15 shows the comparison of the local blade angle
profiles along the chord of the two designs. Note that leading-edge loading stator
designs are typically found in practice. As its name implies, most of the flow turning
is done between the blade leading-edge and the 50% chord location. The advantage of
this design is that most of the turning is done early on when the boundary layer is still
healthy. However, HRMs close coupling effect can be a game-changer, as it reduces
boundary layer thickness near the trailing-edge of the stator blades. Therefore, we test
the possibility of trailing-edge loading stator designs in the presence of a downstream
HRM.
60
LE Loading design
TE Loading design

50
40
30
20
10
0
0

0.2

0.4

0.6

0.8

1

Location/Chord

Figure 7-15: Comparison blade angle profiles along the chord of leading-edge loading
design & trailing-edge loading design

7.4.1

Comparison I

Figure 7-16 shows a 2-D leading-edge loading stator design and a 2-D trailing-edge
loading stator design. The detailed design parameters for these two stators are shown
in Table 7.3. The stator blades are designed for an inlet flow angle of 47 degrees. The
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stator has a maximum thickness of 7% of the chord and a space to axial chord ratio
of 0.923. Reynold’s number based on the freestream axial velocity and stator axial
chord is about 25,000. The diffusion factor at the design inlet flow angle is 0.656. The
leading-edge loading stator design’s leading-edge blade angle is 54.5 degrees, while the
trailing-edge loading stator design is 49.5 degrees.

(a) Leading-edge (LE) loading design

(b) Trailing-edge (TE) loading
design

Figure 7-16: CFD models of analysis

Max recovery point
β1
β2
Re
Space to axial chord ratio
Maximum Thickness
Max recovery point DF

Leading-edge loading design
47◦
54.5◦
0◦
25,000
0.923
7% of Chord
0.656

Trailing-edge loading design
47◦
49.5◦
0◦
25,000
0.923
7% of Chord
0.656

Table 7.3: Geometrical parameters
Figure 7-17 shows a comparison of the velocity magnitude contours of the leadingedge loading design stator alone, leading-edge loading design stator with HRM,
trailing-edge loading design stator alone, and trailing-edge loading design stator with
HRM at multiple inlet flow angles. The figure shows that the HRMs reduce the
thickness of the boundary layer. The flow fields are nearly identical between the
leading-edge loading design and trailing-edge loading design in the 45◦ . However, at
a higher inlet flow angle, the flow fields are very different; the boundary layer region
is thinner in the trailing-edge loaded design. Therefore, we expect that the stator
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performs differently at the high inlet flow angle cases.

(a) LE stator alone 45◦

(b) LE stator alone 50◦

(c) LE stator alone 55◦

(d) LE stator with HRM 45◦

(e) LE stator with HRM 50◦

(f) LE stator with HRM 55◦

(g) TE stator alone 45◦

(h) TE stator alone 50◦

(i) TE stator alone 55◦

(j) TE stator with HRM 45◦

(k) TE stator with HRM 50◦

(l) TE stator with HRM 55◦

Figure 7-17: Velocity magnitude contours
Figure 7-18 shows a comparison of (a) static pressure rise and (b) percentage
of the swirl dynamic recovery. First, we compare the leading-edge loading design
stator alone configuration (red curve) and the trailing-edge loading design stator
alone configuration (blue curve). The figure clearly shows that the trailing-edge
loading design is better than the leading-edge loading design when the inlet flow
210

angle is higher than 45 degrees. Then, we investigate the interaction effect. Figure
7-18 clearly shows that the interaction effect between the stator and the downstream
HRM benefits the stator static pressure rise. Finally, we compare the leading-edge
loading design stator/HRM case and the trailing-edge loading design stator/HRM
case. The figure indicates that the leading-edge loading design at the low inlet flow
angle predicts a higher static pressure rise. At the design point, the two designs
predict the same. At a higher inlet flow angle, the trailing-edge loading design swirl
recovery is much higher.
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Figure 7-18: Comparison of stator (a) static pressure rise & (b) percentage of recovery
We investigate more parameters to understand why the trailing-edge loading design performs better than the leading-edge loading design. The deswirling ability is
a key parameter to quantify stator performance. Therefore, we first investigate the
swirl velocity. Figure 7-19 shows the swirl velocity magnitude contours of leadingedge loading designs stator/HRM and trailing-edge loading designs stator/HRM at
multiple inlet flow angles. A comparison of Fig. 7-19(a) and (d) suggests that the
deswirling ability is slightly better for the leading-edge loading design case since the
color is light blue in the leading-edge loading design case, while the trailing-edge
loading design case predicts light green. When we look at a high inlet flow condition,
the contour plots become very different. Note that the leading-edge loading design
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predicts a very thick boundary layer, and the flow is separated at a 55 degrees inlet
flow angle. In this case, we expect the separation region, the low mass flow region, to
draw from both sides to make the mass flow as uniform as possible so that the HRM
pressure loss will be minimized. This phenomenon is shown very clearly in the vector
plot comparison in Fig. 7-20.

(a) LE stator with HRM 45◦

(b) LE stator with HRM 50◦

(c) LE stator with HRM 55◦

(d) TE stator with HRM 45◦

(e) TE stator with HRM 50◦

(f) TE stator with HRM 50◦

Figure 7-19: Swirl velocity contours
A line plot comparison of swirl velocity at the stator trailing-edge is shown in Fig.
7-21. This figure suggests that the leading-edge loading designs predict higher swirl
velocity variation since the boundary layers are thicker and the flow separation regions
are larger. The figure also indicates that the variation grows with increasing inlet flow
angle. We notice that the swirl velocity changes signs. The reason is discussed earlier.
The static pressure at the HRM leading-edge is a measure of the stator blade’s
ability to recover swirl dynamic pressure to static pressure with minimal loss. Figure
7-22 shows the swirl velocity profile at the HRM leading-edge. The figure tells the
same story as the comparison at the stator trailing-edge. We will notice that the
variation is larger than the stator trailing-edge location.
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(a) LE stator with HRM 45◦

(b) LE stator with HRM 50◦

(c) LE stator with HRM 55◦

(d) TE stator with HRM 45◦

(e) TE stator with HRM 50◦

(f) TE stator with HRM 55◦

Figure 7-20: Velocity vector plots
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Figure 7-21: Comparison of swirl velocity at stator trailing-Edge
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Figure 7-22: Comparison of swirl velocity at HRM leading-edge
The mass flow averaged absolute swirl velocity of the leading-edge loading design
and the trailing-edge loading design are compared in Fig. 7-23. Fig. 7-23(a) implies a
comparison at the stator trailing-edge, and Fig. 7-23(b) is a comparison at the HRM
leading-edge. Both figures show that the leading-edge loading design has a higher
de-swirling ability at the design point, although it quickly loses its de-swirling ability
as the inlet flow angle is increased. On the other hand, the trailing-edge loading
design is able to maintain its deswirling ability over a wider range of inlet flow angles,
although the results show that the trailing-edge loading design has lower deswirling
ability at the design point (this could simply be the fact that the overall turning
flow angle of the trailing-edge loading design is lower than the leading-edge loading
design).
Figure 7-24 shows the axial velocity magnitude contours of leading-edge loading
designs stator/HRM and trailing-edge loading designs stator/HRM at multiple inlet
flow angles. A comparison of Fig. 7-24(a) and (d) suggests that the leading-edge
loading design and trailing-edge loading design predict similar axial velocity entering
the HRM at the low inlet flow angle. To compare Fig. 7-24(b) & (e) and (c) & (f),
it is clear that the distinction between the two designs becomes more significant as
the inlet flow angle increases. Since the leading-edge loading designs predict thicker
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Figure 7-23: Comparison of mass flow averaged absolute swirl velocity at (a) stator
TE & (b) HRM LE
boundary and larger flow separation region, flow blockage is higher, resulting in higher
axial velocity entering the HRM region.
A line plot comparison of the swirl velocity at the stator trailing-edge is shown in
Fig. 7-25. This figure suggests that the leading-edge loading designs predict higher
axial velocity variation since the boundary layers are thicker and flow separation
regions are larger. The figure also indicates that the variation grows as the inlet flow
angle increases. As we discussed earlier, the parameters at the HRM leading-edge is a
determination. Figure 7-26 shows the axial velocity profile at the HRM leading-edge.
The figure tells the same story as the comparison at the stator trailing-edge. We will
notice that the variation is smaller than the stator trailing-edge location.
The mass flow averaged absolute axial velocity of the leading-edge loading design
and trailing-edge loading design is compared in Fig. 7-27. This comparison explains
the static pressure rise prediction deficit between the leading-edge loading design
and the trailing-edge loading design. Fig. 7-27(a) implies a comparison at the stator
trailing-edge, and Fig. 7-23(b) is a comparison at the HRM leading-edge. Both figures
suggest a quick increment in the axial velocity magnitude in the leading-edge loading
design, while it grows slowly in the trailing-edge loading design. High axial velocity
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(a) LE stator with HRM 45◦

(b) LE stator with HRM 50◦

(c) LE stator with HRM 55◦

(d) LE stator with HRM 45◦

(e) LE stator with HRM 50◦

(f) LE stator with HRM 55◦
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Figure 7-24: Axial velocity contours
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Figure 7-25: Comparison of axial velocity at stator TE
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Figure 7-26: Comparison of axial velocity at HRM LE
implies streamwise dynamic pressure. At a high inlet flow angle, the leading-edge
loading case has an axial velocity of about 1.5 times the free stream axial velocity.
Note dynamic pressure is proportional to velocity square. Therefore, the streamwise
dynamic pressure is significantly increased, resulting in a low static pressure rise.
1.5
1.4

1.5

Desgin Point

1.4

LE Loading/HRM
TE Loading/HRM

1.3

1.3

1.2

1.2

1.1

1.1

1
40

45

Desgin Point

50

55

1
40

60

Inlet flow angle

45

LE Loading/HRM
TE Loading/HRM

50

55

60

Inlet flow angle

(a) Stator TE

(b) HRM LE

Figure 7-27: Comparison of mass flow averaged absolute axial velocity at (a) stator
TE & (b) HRM LE
Figure 7-28 shows the comparison of total pressure loss between Stator LE to TE.
The figure suggests that the leading-edge loading design predicts higher total pressure
loss than the leading-edge loading design in inlet flow angles higher than 45 degrees,
as the size of the separation region determines total pressure loss.
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Figure 7-28: comparison of total pressure loss between stator LE to TE
We now look at the stator performance at the system level. Figure 6-55 shows
the comparison of the HRM pressure drop. We can see that the additional loss is
negligible at a low inlet flow angle. At a high inlet flow angle, the pressure drop
across the resistance is high. The reason is that when the HRMs are placed near the
stator, the static pressure rise benefit can be negated flow non-uniformity and swirl
velocity, both of which induce additional loss in the HRM. Therefore, we define the
corrected stator static pressure rise to quantify how well a stator works in a system.
Recall the corrected stator pressure rise is defined as the sum of the system static
pressure change and the ideal pressure drop across the HRMs. Figure 7-30 shows
the comparison of the corrected stator (a) static pressure rise & (b) percentage of
recovery. If we compare Fig. 7-30 with Fig. 7-30, the two figures are identical at the
low inlet flow angle and at the design point.
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Figure 7-29: Comparison of static pressure drop across HRM
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Figure 7-30: Comparison of corrected stator (a) static pressure rise & (b) percentage
of recovery
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Leading-edge loading design
Max recovery point
53◦
β1
59.5◦
β2
0◦
Re
25,000
Space to axial chord ratio
0.923
Maximum Thickness
7% of Chord
Max recovery point DF
0.767

Trailing-edge loading design
53◦
54.5◦
0◦
25,000
0.923
7% of Chord
0.767

Table 7.4: Geometrical parameters

7.4.2

Comparison II

Figure 7-31 shows a 2-D leading-edge loading stator design and a 2-D trailing-edge
loading stator design. The detailed parameters are shown in Table 7.4. The maximum
swirl dynamic pressure recovery point is at an inlet flow angle of 53 degrees. The
stator has a maximum thickness of 7% of the chord and a space to axial chord ratio
of 0.923. The Reynolds number base on freestream axial velocity and stator axial
chord is about 25,000. The diffusion factor at the max recovery point is 0.767. The
leading-edge loading stator design’s leading-edge blade angle is 59.5 degrees, while
the trailing-edge loading stator design is 54.5 degrees.

(a) Leading-edge (LE) loading design

(b) Trailing-edge (TE) loading design

Figure 7-31: CFD models of analysis
Figure 7-32 shows a comparison of the velocity magnitude contours of the leadingedge loading design stator alone, leading-edge loading design stator with HRM,
trailing-edge loading design stator alone, and trailing-edge loading design stator with
HRM at multiple inlet flow angles. Similar to Comparison I, the figure shows the
interaction effect helps with boundary layer reattachment and boundary layer reduc220

tion significantly, suggesting an improvement in the stator performance. When we
compare the flow fields of the leading-edge loading design and the trailing-edge design, the boundary layer region is thinner in the trailing-edge design. The deficit is
more obvious at a high inlet flow angle. Therefore, we expect the stator to perform
better in the trailing-edge design at the high inlet flow angle cases.

(a) LE stator alone 50◦

(b) LE stator alone 55◦

(c) LE stator alone 60◦

(d) LE stator with HRM 50◦

(e) LE stator with HRM 55◦

(f) LE stator with HRM 60◦

(g) TE stator alone 50◦

(h) TE stator alone 55◦

(i) TE stator alone 60◦

(j) TE stator with HRM 50◦

(k) TE stator with HRM 55◦

(l) TE stator with HRM 60◦

Figure 7-32: Velocity contours
Figure 7-18 shows a comparison of stator performance, including (a) static pressure rise and (b) percentage of the swirl dynamic recovery, and Fig. 7-18 shows a
comparison of system performance. The trend is the same as the comparison I study.
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Figure 7-33: Comparison of stator (a) static pressure rise & (b) percentage of recovery
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Figure 7-34: Comparison of corrected stator (a) static pressure rise & (b) percentage
of recovery

222

Leading-edge loading design
Max recovery point
54◦
β1
54.5◦
β2
0◦
Re
25,000
Space to axial chord ratio
0.4633
Max recovery point
7% of Chord
Design point DF
0.6

Trailing-edge loading design
54◦
49.5◦
0◦
25,000
0.4633
7% of Chord
0.6

Table 7.5: Geometrical parameters

7.4.3

Comparison III

Figure 7-35 shows a 2-D leading-edge loading stator design and a 2-D trailing-edge
loading stator design. The detailed parameters are shown in Table 7.5. The maximum
swirl dynamic pressure recovery point is at an inlet flow angle of 54 degrees. The
stator has a maximum thickness of 7% of the chord and a space to axial chord ratio
of 0.4633. The Reynolds number base on freestream axial velocity and stator axial
chord is about 25,000. The diffusion factor at the max recovery point is 0.6. The
leading-edge loading stator design’s leading-edge blade angle is 54.5 degrees, while
the trailing-edge loading stator design is 49.5 degrees.

(a) Leading-edge (LE) loading design

(b) Trailing-edge (TE) loading design

Figure 7-35: CFD models of analysis
Figure 7-36 shows a comparison of the velocity magnitude contours of the leadingedge loading design stator alone, leading-edge loading design stator with HRM,
trailing-edge loading design stator alone, and trailing-edge loading design stator with
HRM at multiple inlet flow angles. The figure shows the interaction effect helps
with boundary layer reattachment and boundary layer reduction. However, this phe223

nomenon is not as significant as we see in the Comparison I and Comparison II studies.
When we compare the flow fields of the leading-edge loading design and the trailingedge design, the trailing-edge design predicts a boundary layer relatively thinner at
high inlet flow angles, nearly identical at the design inlet flow angles, and somewhat
thicker at low inlet flow angles. Therefore, we will expect the leading-edge design to
perform better at low inlet flow angles, while the trailing-edge design performs better
at high inlet flow angles.
Figure 7-37 shows a comparison of (a) static pressure rise and (b) percentage
of the swirl dynamic recovery. We first compare the leading-edge loading design
stator alone (red curve) and the trailing-edge loading design stator alone (blue curve).
Similar to the Comparison I and Comparison II studies, the figure clearly shows that
the trailing-edge loading design performs better at high inlet flow angles and worse
at low inlet flow angles. Then, we investigate the interaction effect. Different from
the Comparison I and Comparison II studies, Figure 7-37 shows that the interaction
effect between the stator and the downstream HRM lowers the stator static pressure
rise. Finally, we compare the leading-edge loading design stator/HRM case and the
trailing-edge loading design stator/HRM case. Since the interaction affects the stator
performance little, the figure indicates the same trend as the Stage alone cases.
Figure 7-38 shows the comparison of the corrected stator (a) static pressure rise
& (b) percentage of recovery. The trend is the same.

7.4.4

Comparison IV

Figure 7-39 shows a 2-D leading-edge loading stator design and a 2-D trailing-edge
loading stator design. The detailed parameters are shown in Table 7.5. The maximum
swirl dynamic pressure recovery point is at an inlet flow angle of 57 degrees. The
stator has a maximum thickness of 7% of the chord and a space to axial Chord ratio
of 0.4633. The Reynolds number base on freestream axial velocity and stator axial
224

(a) LE stator alone 50◦

(b) LE stator alone 55◦

(c) LE stator alone 60◦

(d) LE stator with HRM 50◦

(e) LE stator with HRM 55◦

(f) LE stator with HRM 60◦

(g) TE stator alone 50◦

(h) TE stator alone 55◦

(i) TE stator alone 60◦

(j) TE stator with HRM 50◦

(k) TE stator with HRM 55◦

(l) TE stator with HRM 60◦

Figure 7-36: Velocity contours
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Leading-edge loading design
Max recovery point
57◦
β1
59.5◦
β2
0◦
Re
25,000
Space to axial chord ratio
0.4633
Maximum Thickness
7% of Chord
Max recovery point DF
0.65

Trailing-edge loading design
57◦
54.5◦
0◦
25,000
0.4633
7% of Chord
0.65

Table 7.6: Geometrical parameters
chord is about 25,000. The diffusion factor at the max recovery point is 0.65. The
leading-edge loading stator design’s leading-edge blade angle is 59.5 degrees, while
the trailing-edge loading stator design is 54.5 degrees.

(a) Leading-edge (LE) loading design

(b) Trailing-edge (TE) loading design

Figure 7-39: CFD models of analysis
Figure 7-40 shows a comparison of the velocity magnitude contours of the leadingedge loading design stator alone, leading-edge loading design stator with HRM,
trailing-edge loading design stator alone, and trailing-edge loading design stator with
HRM at multiple inlet flow angles. The figure suggests the same trend as discussed
in Comparison III. When we compare the flow fields of the leading-edge loading design and the trailing-edge design, the trailing-edge design predicts a boundary layer
relatively thinner at high inlet flow angles, nearly identical at the design inlet flow
angles, and somewhat thicker at low inlet flow angles. Therefore, we expect the
leading-edge design to perform better at low inlet flow angles and the trailing-edge
design to perform better at high inlet flow angles.
Figure 7-41 shows a comparison of stator performance, including (a) static pressure rise and (b) percentage of the swirl dynamic recovery, and Fig. 7-42 shows a
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(a) LE stator alone 50◦

(b) LE stator alone 55◦

(c) LE stator alone 60◦

(d) LE stator with HRM 50◦

(e) LE stator with HRM 55◦

(f) LE stator with HRM 60◦

(g) TE stator alone 50◦

(h) TE stator alone 55◦

(i) TE stator alone 60◦

(j) TE stator with HRM 50◦

(k) TE stator with HRM 55◦

(l) TE stator with HRM 60◦

Figure 7-40: Velocity contours
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comparison of system performance. The trend is the same as the comparison I study.
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Figure 7-41: Comparison of stator (a) static pressure rise & (b) percentage of recovery
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Figure 7-42: Comparison of corrected stator (a) static pressure rise & (b) percentage
of recovery
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7.5

Summary

In this chapter, a parametric study is also performed on a high diffusion factor stator
and HRM integration. Since the stator will always be placed behind a fan rotor,
only HRMs placed downstream of the stator are investigated. The varying parameters include gap distance between the fan and the HRM, the magnitude of HRM’s K
resistance values, and the homogeneity of the K resistance values. Finally, an evaluation of stator blade loading types (leading-edge and trailing-edge designs) is carried
out. The general findings are summarized below.
(a) in terms of stator performance, the presence of the HRM is always beneficial in
terms of increased pressure rise, and the benefit starts to disappear at a gap larger
than around 10%-20%. Improvement in the percentage of swirl dynamic pressure
recovery is also observed. Another important finding is that the benefit is present for
K resistance values as low as 1.
(b) in terms of system performance, this study shows that the downstream HRM
works extremely well in the stator-HRM integration. After the stator, the flow deswirl so that the HRM induces nearly no additional loss.
(c) the study of leading-edge loading design vs. trailing-edge loading design suggests potential advantages of trailing-edge loading design when the stator blades are
designed with a high diffusion factor.
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Chapter 8
Heat-Exchanger Design and
Modeling
A heatsink is a passive heat-exchanger that transfers the heat generated by an electronic or a mechanical device to a fluid medium. The plate-fin heat-exchanger is
commonly used in server cooling and HVAC cooling applications, which uses "sandwiched" passages containing fins to increase the unit’s effectiveness. This chapter will
examine a second possible way to convert swirl dynamic pressure to static pressure.
We will explore an aerodynamic heat-exchanger fin design that has the ability to
de-swirl the flow downstream of the fan rotor to convert swirl dynamic pressure to
static pressure in addition to being a heat-exchange device. We call this design the
curved-fin-stator heat-exchanger.
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8.1

Heat-Exchanger Study

We begin by studying the flow characters of a typical coil used in an Air Handling
Unit (AHU) and a heatsink used in a computer server, which is shown in Fig. 8-1.
Both heat-exchangers are plate-fin heat-exchangers. The typical coil used in an AHU
(Fig. 8-1(a)) contains three rows, and each row has a resistance factor of 8. The
heatsink used in computer servers has a resistance factor of 12 (Fig. 8-1(b)). In this
section, the two heat-exchangers are modeled to better understand the key features
to affect pressure drop.

(a) Typical coil used in an AHU

(b) Heatsink in servers

Figure 8-1: Typical geometry of (a) coils used in an AHU & (b) a heatsink used in a
computer server
For the first step, we simplify the heat-exchangers to 2-D models, following the
dimension of a typical coil used in an AHU. Two simulations are performed. In
one simulation, we apply "virtual walls" that with no thickness (Fig. 8-2(a)). In
contrast, the second model has walls with 0.2 mm thickness (typical thickness of a
fin in an AHU) (Fig. 8-2(b)). We explore how fins thickness affects the pressure
drop between parallel plates. Figure 8-2(c) and (d) show the velocity magnitude
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contour plots, which indicate the average velocity is higher in the 0.2mm fins case
because of the reduction in flow area. High airspeed induces higher loss. Therefore,
the "virtual walls" case predicts a relatively small resistance factor of 0.65, while the
0.2mm thickness fin case predicts 1.06. Note, both cases predict very low compared
to the spec value of 8, which suggests that the critical features of pressure drop are
3-D effects not modeled here.

(a) No thickness fins model

(b) 0.2mm thickness fins model

(c) Velocity contour for no thickness fins model (d) Velocity contour for 0.2mm thickness fins
model

Figure 8-2: 2-D fins geometries & velocity contours
Next, Figure 8-3 shows a representative geometry of the conventional 3-row coil
used in the baseline Carrier AHU. The front view (Fig. 8-3(a)) and the side view (Fig.
8-3(b)) clearly show that the presence of the refrigerant tubes will greatly reduce the
area of the flow path, which increases the local velocity magnitude and hence loss
(loss is proportional to the square of the local velocity). The computational model is
shown on the right of Fig. 8-4; it represents the flow passage between two fins and
includes the refrigerant tubes (consisting of Row 1, Row 2, and Row 3 regions), along
with computational domains upstream and downstream of the physical fins. Figure
8-5 shows the velocity contour predicted by CFD inside this 3-row coil (mid-plane
between 2 fins). The contour plot shows that the velocity magnitude is nearly triple
the freestream velocity in a large portion of the flow domain (red region) due to
geometrical blockage and the blockage generated by the wakes behind the refrigerant
tubes. Therefore, the refrigerant tubes’ presence is critical in determining the pressure
drop across the coil, as they can significantly increase the local flow dynamic pressure,
hence higher pressure drop. This heat-exchanger geometry has an overall resistance
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K factor of 4.18. This number is about 6.5 times compared to the no thickness plate
case, indicating the refrigerant tubes’ significant influence. Compared to the K factor
of 8 in the spec of the actual heat-exchanger, we still slightly underpredict the pressure
loss. The reason is likely because we lack other geometrical details, e.g., fin waviness
and the relative position between the three rows will also affect the overall loss.

(a) Geometry of the conventional 3-row coil

(b) Model front view

(c) Model side view

Figure 8-3: Geometry of the conventional 3-row coil
Similar simulations are performed on a heatsink, which is representative of the
ones used in a computer server (Fig. 8-1(b)). The computational model is shown on
the right of Fig. 8-6 is the flow passage between two fins and includes the cooling
tubes and supports at the four corners, along with computational domains upstream
and downstream of the actual fins. Figure 8-7 shows the velocity contour predicted
by CFD inside this heatsink (mid-plane between 2 fins). Similar to the results we see
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(a) Computational model

(b) Computational model detials

Figure 8-4: 3-D CFD model of 3-row flat coil

Figure 8-5: Velocity contour inside a 3-row coil
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in the 3-row coil study, the contour plot shows that the velocity magnitude is nearly
triple the freestream velocity in a large portion of the flow domain (red region) due
to geometrical blockage and the blockage generated by the wakes behind the coolant
tubes. The heatsink CFD model predicts an overall resistance factor of 10, which is
close to the reference value 12.

(a) Computational model

(b) Computational model detials

Figure 8-6: 3-D CFD model of server heatsink

Figure 8-7: Velocity contour inside server heatsink
In conclusion, the combination of 2-D and 3-D studies shows that the critical
features in determining the pressure drop in HVAC heat-exchangers and computer
cooling fins are 3-D effects that arose from obstructions (e.g., refrigerant tubes and
support columns) in these devices. The refrigerant tubes’ appearance is essential in
the determination of the pressure drop across the heatsink.
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8.2

Proposed "Stator"-Fin Design

In 2003, Kim first proposed an idea that is using a rotor and a heat-exchanger with
curve fins to replace the conventional rotor/stator/heat-exchanger design (only an
idea - no quantitative study was carried out). In other words, the heat-exchanger with
curve fins replaces both the stator and the conventional coil (or a coil with straight
fins). In addition to being a heat-exchange device, the coil with curve fins performs the
same function as the stator vanes, i.e., to convert the dynamic pressure associated with
swirl velocity to static pressure. More importantly, because the coil with curve fins is
placed close to the fan rotor trailing-edge, it improves the aerodynamic performance
of the fan rotor. We will demonstrate this effect in Chapter 10.

(a) Conventional straight-fin

(b) Curved-fin

Figure 8-8: Computational models for 3-row coils of (a) conventional straight-fins
design & (b) curved-fins design
In this section, two categories of the curved-fin exchanger are investigated. Both
designs have the curved-fins in the first-row heat-exchanger. The difference is the
length of the curved portion; one design has a longer "stator" chord, which leads to
a mild-turning of the flow, while the other one turns the flow rapidly. In addition
to the fins curvature, we also study the effect of the location of refrigerant tubes.
Three configurations are investigated. They are associated with two categories: fins
only, fins-refrigerant tube located in the center of each row, and fins-refrigerant tube
located near the trailing-edge of each row. The pressure loss comparison is compared
in Table 8.1.
First, we look at the comparison between the two straight fins cases. The static
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(a) Mild-turning fins

(b) Rapid-turning fins

(c) Mild-turning fins no tubes

(d) Rapid-turning fins no tubes

(e) Mild-turning fins center tubes

(f) Rapid-turning fins center tubes

(g) Mild-turning fins trailing tubes

(h) Rapid-turning fins trailing tubes

Figure 8-9: Computational models

238

Conventional fin
(No Swirl)
Conventional fin
(With Swirl)
Mild-turning fins
No Tubes
Mild-turning fins
Center Tubes
Mild-turning fins
Trailing Tubes
Rapid-turning fins
No Tubes
Rapid-turning fins
Center Tubes
Rapid-turning fins
Trailing Tubes

Static pressure drop coefficient

K

6.45

12.67

6.41

12.59

2.01

5.92

6.39

14.52

6.25

14.24

1.61

5.13

5.89

13.55

5.83

13.42

Table 8.1: Comparison of pressure loss coefficient & resistance factor
pressure drop coefficient is very similar, which implies that all swirl dynamic pressure
is lost.
Second, three mild-turning fins configurations are compared. The center-located
tubes case and trailing-edge-located tubes case predict much higher pressure drop
across the fins exchanger than the no tube case (3.2 times), which indicates the
significant effect of the presence of the cooling tubes. Also, the case of the trailingedge-located tube predicts a lower pressure drop coefficient of 6.25 than the centerlocated tubes case prediction of 6.39, which suggests the location of the cooling tubes
matters. In the center-located tube case, the first row tubes are located at the curved
region where the velocity magnitude is high. Therefore, the pressure drop is expected
to be higher.
Third, the comparison between the conventional straight-fins design and the mildturning fins design shows a benefit in reducing pressure drops. The trailing-edgelocated tube case predicts a pressure drop coefficient of 6.25, which is higher than the
straight-fins prediction by 0.2. Recall that the pressure drop coefficient is normalized
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to the swirl dynamic pressure. Therefore, the 0.2 difference in pressure drop implies
the curved-fin heat-exchanger predicts a lower pressure drop by 20% of the upstream
swirl dynamic pressure. To understand where is the other 80%, let us investigate the
loss. In a straight-fin configuration, the swirl velocity dissipates very quickly at the
fin leading-edge. Therefore, the velocity between the fins is equal to the axial velocity.
However, the magnitude is the total velocity (axial velocity + swirl velocity) for a
curved-fin design. Cleary, since the loss is proportional to the velocity magnitude
square, an additional loss will be generated. Therefore, even though a curved-fin
design recovers most of the swirl dynamic pressure, this benefit will be negated by
additional loss coming from the higher velocity magnitude. The other 80% of the
upstream swirl dynamic pressure goes to this additional loss in this curved-fin case.
Recall Fig. 8-5 and Fig. 8-7 show that the local velocity can triple with the presence
of the refrigerant tubes. Therefore, keeping the velocity magnitude low in the coil
region is critical to control the coil pressure drop (although higher velocity is beneficial
from the standpoint of heat transfer). Therefore, the best strategy is to de-swirl the
flow as quickly as possible, i.e., the curve portion of the fin should be as short as
possible.
Next, when compare the rapid-turning fins design to the conventional straightfins design, we see a significant benefit in the pressure loss. The rapid-turning design
predicts a pressure drop coefficient of 5.89, which is lower than the conventional
straight-fins design by 0.52 (52% of the swirl dynamic pressure). As we discussed
earlier, the other 48% of the swirl dynamic pressure goes to additional loss due to
higher velocity magnitude. Recall that the mild-turning case predicts an additional
loss of 80% swirl dynamic pressure. The rapid-turning design is much better, reducing
additional loss to 32% of the swirl dynamic pressure. The center-located fins case and
trailing-edge located fins case predict very similar values since the fins are far from
the fin turning regions.
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Finally, we inspected velocity contour plots inside the curved-fin flow passage of
various curved-fin geometries (Fig. 8-10). This study found that the best strategy
is to de-swirl the flow as quickly as possible, and the best geometrical arrangement
is to have the fin’s curve section in front of the refrigerant tubes. In particular, all
the flow de-swirl steps should be done before the flow reaches the first refrigerant
tube. This configuration would keep the velocity magnitude in most of the 3-row
coil approximately the same as in the conventional coil with straight fins, while static
pressure is efficiently recovered in the short curve section of the fins. In addition, this
type of curve fin geometry should be less costly to manufacture.
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(a) Mild-turning fins no tubes

(b) Rapid-turning fins no tubes

(c) Mild-turning fins center tubes

(d) Rapid-turning fins center tubes

(e) Mild-turning fins trailing tubes

(f) Rapid-turning fins trailing tubes

Figure 8-10: Velocity contours
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8.3

Simplified Curved-Fins Model

From the previous studies, we have a general understanding of the key features to
include in a heat-exchanger CFD model and how a curved-fins heat-exchanger can
convert the incoming swirl dynamic pressure into static pressure at minimal loss.
Our next step is to evaluate the interaction effect on the fan performance and system
performance when coupled with this novel curved-fins heat-exchanger design.
Earlier in this chapter, we show that the determination of pressure drop in the
heat-exchanger is the presence of refrigerant tubes that increase local velocity, which
is a 3-D effect. Therefore, getting the most accurate results requires 3-D unsteady
URANS CFD simulations. To simulate a 3-D unsteady model is computationally very
expensive. The mesh size will be enormous since there are lots of surfaces of the fins,
and the time step will also be very small to resolve enough fan/fins relative positions.
It requires 20-30 time steps between a fan blade to rotate to the next blade’s position.
Here, we need to apply the same amount of time steps for a blade at one fan/fins
relative position to the next same relative position. Note that a system design process
will be a design and analysis iteration. Running the complete simulations will be very
time-consuming. Therefore, we pursue a simplified model to get results quickly. The
model will be using in the design and analysis iteration, and once we arrive at a final
design, we will eventually perform the real model 3-D simulation.
The goal is to develop a model that accurately predicts pressure change across
the heat-exchanger but is low-cost computationally. In the real-fins model, non-slip
boundary conditions are applied on the fin surfaces, which requires a fine near-wall
mesh treatment. The mesh also needed to be very well refined near the refrigerant
tubes to accurately predict the tube separation point and capture the wake behind
the tube. We first point out that the flow field details inside the heat-exchanger are
not of interest to us; the flow field details inside a heat-exchanger are only important
in the heat transfer performance study, which is outside the scope of this study.
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Therefore, we develop a Simplified-fins model by applying slip boundary conditions
on the fin surfaces and define the heat-exchanger region as a porous zone with a
specified resistance factor. The slip fins purely work as stators that de-swirl the
incoming flow from the fan rotor trailing-edge. Since we define the fins region as a
porous media and specify a resistance factor, the fins region will predict the equivalent
pressure drop as a real-fin model. Recall that the overall effect of the refrigerant tubes
on the system performance is to increase the pressure drop. Therefore, the pressure
drop from the refrigerant tubes is included in the magnitude of the K factor. Finally,
the accuracy of the simplified model will depend on the K factor input. To specify
the right value of K, we investigate the relation between pressure drop and the inlet
flow angle. When we curve-fit into the following equation,
1
1
2
dP = ρKaxial Vaxial
+ ρKswirl Vswirl
2
2

(8.1)

we find that Kaxial is dominant, and Kswirl is negligible. We propose to specify only an
axial component K factor as the curve-fit value and set the circumferential component
to zero. The dP = f (Vaxial , Vaxial ) can be easily get from a simple periodic geometry
steady calculation on the real-fin model. Two comparisons of the real-fins model and
simplified-fins model will be shown shortly.
First, we perform 2-D simulations to demonstrate the feasibility of modeling. Note
that the refrigerant tubes can not be in the 2-D model. Therefore, at this step, we do
not consider the effect of the refrigerant tubes. Figure 8-11 shows the 2-D real-fins
model and the simplified-fins model.
The comparison of the performance is shown in Table 8.2. The simplified model
predicts a nearly identical pressure drop as the effect of the real-fins model.
Second, we add the refrigerant tube effects into the model. The mild-turning
real-fins model and the simplified model will be compared. Geometries are shown in
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(a) Real fins model

(b) Simplified fins model

Figure 8-11: Real fins model & simplified fins model

AOA
Real-fins model
Simplified-fins model
Swirl flow coefficient
(degee)
pressure drop coefficient pressure drop coefficient
+10
2.097
3.374
3.528
+5
1.697
3.070
3.099
0
1.401
3.013
3.007
-5
1.171
3.015
3.063
-10
0.983
3.061
3.195
Table 8.2: Comparison of pressure loss coefficient
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(a) +10

(b) +10 model

(c) +5

(d) +5 model

(e) 0

(f) 0 model

(g) -5

(h) -5 model

Figure 8-12: Comparison of velocity magnitude contours
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Fig. 8-13. The comparison of the performance is shown in Table 8.3. The simplified
model predicts a nearly identical pressure drop as the effect of the real-fins model.

(a) 3-D curved-fins
model

(b) Simplified curved-fins model

Figure 8-13: 3-D curved-fins model & simplified curved-fins model
AOA
Real-fins model
Simplified-fins model
Swirl flow coefficient
(degee)
pressure drop coefficient pressure drop coefficient
+10
2.097
10.358
10.661
+5
1.697
11.648
11.751
0
1.401
12.551
12.572
-5
1.171
13.243
13.224
-10
0.983
13.815
13.767
Table 8.3: Comparison of pressure loss coefficient
In the design process, we often don’t have a fixed fin design. Therefore, we will
not be able to obtain the dP = f (Vaxial , Vaxial ) to do curve fitting. In this case, we
propose to specify the axial K factor to be the value of a straight-fins design. This way
of defining the K factor will represent an ideal curved-fin design with no additional
loss. Recall the additional loss is affected by fin curvature design and refrigerant tube
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location. Only one geometry will work at the ideal performance, in which the flow
turns infinite quickly at the fins leading-edge to recover all swirl dynamic pressure,
and the velocity between fins is identical to the streamwise velocity. Physically, the
ideal case will never be achieved. For a real-curved-fin geometry, the flow will not
turn infinitely quick, so that additional loss is inevitable. However, it is still a good
model for preliminary design to predict the system performance upper limit.
In conclusion, we develop a simplified-fins heat-exchanger model to represent a
real heat-exchanger’s function. Since we set a slip-wall boundary condition, no nearwall treatment is needed for meshing. The model significantly reduces the mesh size,
so that reduces the computational cost. Also, since the refrigerant tubes are not
included in the computation, the simplified model can be applied in 2-D calculations.
In other words, the model will do well in both 2-D and 3-D calculations. Therefore,
the simplified model is beneficial in predicting preliminary results.
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8.4

Effect of Inlet Flow Angle

When a fan rotor rotates, a wake is generated by the rotor blade. Also, when a rotor
is coupled with an upstream HRM, a jet will form on the rotor blade, which induces
a jet-wake reversal. Therefore, the downstream fins will see different angles of attack.
This section will look at the simplified curved-fins model performance over a range
of inlet flow angles.
We perform a simple test, and the geometry is shown in Fig. 8-14. The leadingedge angle of the fins is set at 54.5 degrees. The velocity contours are compared in
Fig. 8-15. This figure suggests that the fins work very well around the design point.
When the inlet flow angle deviates from the design point, some flow separation is seen
at the fin leading-edge.

(a) Curve fin

(b) Detial

Figure 8-14: Geometry
Figure 8-16(a) shows how well a curved-fin heat-exchanger performs as a stator to
convert swirl dynamic pressure to static pressure. At the design point of 54.5 degrees,
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(a) 70

(b) 65

(c) 62

(d) 60

(e) 55

(f) 50

(g) 45

Figure 8-15: Velocity contours
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the difference is negligible, which means that the fins are able to recover all swirl
dynamic pressure to static pressure. At off-design operations, the flow separates on
the suction surface at a positive angle-of-attack and separates on the pressure surface
at a negative incidence (Fig. 8-15). In both cases, the curved-fin heat-exchanger
will not recover the entire swirl dynamic pressure. However, the difference is small
within a small range of angle-of-attack. Figure 8-17(b) shows the percentage of swirl
dynamic pressure recovery. The figure shows that the fins will be able to recover over
95% of the swirl dynamic pressure when the incidence is between +5 to -5 degrees
and over 90% when the incidence is between +13 to -7 degrees.
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(a) "Stator" static pressure rise

(b) Persentage of recovery

Figure 8-16: "Stator" static pressure rise & percentage of recovery
Figure 8-17 shows the overall pressure drop across the curved-fins heat-exchanger.
The comparison is made between a straight-fins design and an ideal curved-fins design.
The figure clearly shows the benefit of pressure loss as the upstream swirl dynamic
pressure is converted to static pressure.
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Figure 8-17: Pressure drop across the heat-exchanger
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8.5

Summary

In this chapter, we first investigated the flow characteristic of conventional heatexchangers. We find that the refrigerant tubes are crucial to be included in the
simulation model in order to predict an accurate pressure drop. Then, the feasibility of the curved-fins heat-exchanger is investigated. We first compare the pressure
drop performance between a straight-fins heat-exchanger model and two curved-fins
heat-exchanger models. The curved-fins heat-exchanger models are mild-turning and
rapid-turning at the heat-exchanger leading-edge. We find that the curved-fins heatexchanger predicts a smaller loss. Also, this comparison suggests that the high magnitude velocity that goes into the curved-fin heat-exchanger induces additional loss.
In order to minimize this additional loss, the curved-fin heat-exchanger should be
designed to turn the flow as quickly as possible. Next, a simplified model is developed. The simplified model proposes to use slip-wall stators with a specified resistance
factor. The simplified model agrees with the real-fin model very well.
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Chapter 9
Close-Coupling Effect on
Rotor-Stator Stage Performance
9.1

Stage Geometry I Configuration

Figure 9-1 shows the 2-D computational domain of a rotor-stator stage. An in-house
code generates the blade geometries, and the detailed parameters are listed in the following Tables 9.1 and 9.2. Note that, to illustrate the interaction effect’s benefit, both
rotor blade and stator blade have very high diffusion factors, which are 0.73 for the
rotor and 0.85 for the stator. The separation gap between the rotor and stator is 7%
of the rotor chord. Three configurations will be compared in this section, including a
stage alone configuration, a stage coupled with the High Resistance Mediums (HRMs)
placed downstream of the stator blades, which will be called stage/HRM later in this
chapter, and a stage coupled with HRMs placed both upstream and downstream,
which will be called HRM/stage/HRM. The model of HRMs is specified to be porous
media with a homogeneous resistance factor of 8. In the stage/HRM configuration,
the HRM is placed 5% of the rotor chord downstream of the stator trailing-edge. In
the HRM/stage/HRM configuration, the upstream HRM is placed 2.5% of the rotor
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chord upstream of the rotor leading-edge, and the HRM is placed 5% of the rotor
chord downstream of the stator trailing-edge. The rotor blade moves from top to
bottom in the computational model, and the airflow is from left to right. Note that
the small gap distances are used here to amplify the flow interaction effects. A 5%
gap between the stator and the HRM is practical, but a 2.5% gap between the HRM
and the rotor may be challenging in avoiding rubbing between the moving rotor and
the HRM. Velocity Inlet and Pressure Outlet are specified as the boundary conditions
on the left and right edges. A Periodic boundary condition is specified to simulate
the geometry of a cascade.

Figure 9-1: Nominal fan rotor design
Re
150,000
Spacing/Chord
1
Max Thickness 5% of Chord

Leading-edge blade angle
73.1
Trailing-edge blade angle
43.1
Diffusion factor at design point 0.73

Table 9.1: Rotor geometrical parameters
Re
150,000
Spacing/Chord
0.833
Max Thickness 5% of Chord

Leading-edge blade angle
59.5◦
Trailing-edge blade angle
0◦
Diffusion factor at design point 0.85

Table 9.2: Stator geometrical parameters
Figure 9-2 shows a comparison of the relative velocity magnitude contours (appropriate for the rotor blades only) of the stage alone configuration (top), stage/HRM
configurations (middle), and HRM/stage/HRM configurations (bottom) at multiple
operating points. The contours are instantaneous results; however, they are sufficient
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to arrive at qualitatively conclusions since the thickness of the boundary layers and
boundary layer separation are almost independent of time. Preliminary rotor performance analysis from Fig. 9-2 indicates that the fan rotor has a very thick boundary
layer and the flow separation on the blade suction surface in the stage alone configuration and stage/HRM configuration. The HRM/stage/HRM configuration predicts
little or no flow separation on the rotor surfaces over the flow range of φ=0.3 to φ=0.39
(i.e., the blue-colored regions are much thinner). With the close-coupled HRM placed
upstream, boundary layers are thinner on the rotor suction surface due to the jet effect discussed earlier. Figures 9-2(g), (h), and (i) clearly show the jet formation on
the rotor surfaces because of the presence of the upstream HRM.
Next, Fig. 9-3 shows a comparison of the absolute velocity magnitude contours
(appropriate for the stator blades) of the stage alone configuration (top), stage/HRM
configurations (middle), and HRM/stage/HRM configurations (bottom) at multiple
operating points. The figure shows qualitatively that the downstream HRMs significantly help the stator performance, as shown by the boundary layers being thinner,
especially at the high flow coefficient.
The performance of each component will be examed individually to quantify the
interaction effect on the stage. We first look at the rotor performance shown in Fig.
9-4. The comparisons include rotor static pressure rise coefficient and rotor static
efficiency. The figure shows that the fan rotor static pressure production is almost
identical in the stage alone and stage/HRM configuration, and the HRM/stage/HRM
configuration produces much higher static pressure at all flow coefficients. For example, at the design point φ=0.35, the HRM/stage/HRM configuration predicts a
pressure coefficient of around 0.584, which is 7.2% more than the stage alone configuration.
Figure 9-5 shows a comparison of the fan total pressure rise and the total efficiency.
The trend in total pressure rise is similar to the static pressure rise shown in Fig. 9-4,
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(a) Stage alone φ=0.3

(b) Stage alone φ=0.35

(c) Stage alone φ=0.39

(d) Stage/HRM φ=0.3

(e) Stage/HRM φ=0.35

(f) Stage/HRM φ=0.39

(g) HRM/stage/HRM φ=0.3

(h) HRM/stage/HRM φ=0.35 (i) HRM/stage/HRM φ=0.39

Figure 9-2: Relative velocity contours
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(a) Stage alone φ=0.3

(b) Stage alone φ=0.35

(c) Stage alone φ=0.39

(d) Stage/HRM φ=0.3

(e) Stage/HRM φ=0.35

(f) Stage/HRM φ=0.39

(g) HRM/stage/HRM φ=0.3

(h) HRM/stage/HRM φ=0.35 (i) HRM/stage/HRM φ=0.39

Figure 9-3: Velocity magnitude contours in the absolute-frame
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Figure 9-4: Comparison of (a) static pressure rise & (b) static efficiency
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0.42

in which the rotor in the stage alone and stage/HRM configuration predict similar
total pressure rise, and the HRM/stage/HRM configuration predicts higher total
pressure rise. Also, Fig. 9-5(b) suggests a benefit on rotor total efficiency for the
HRM/stage/HRM case.
From what has been discussed above, we may safely draw the conclusion that the
rotor performs nearly identically in the stage alone and stage/HRM configuration.
Even an HRM is coupled downstream of the stator in the stage/HRM configuration; it
is too far to benefit the rotor. In the HRM/stage/HRM configuration, the fan rotor is
close-coupled with the upstream HRM, significantly improving the rotor performance.
This phenomenon agrees with the finding in the rotor-HRM interaction study.
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Figure 9-5: Comparison of (a) fan ideal pressure rise & (b) fan ideal efficiency
Next, we investigate stator performance. Figure 9-6 shows a comparison of the
stator static pressure rise. This figure clearly shows the improvements in stator performance. To compare with the stator static pressure rise in the stage alone configuration, the stator predicts higher static pressure in the stage/HRM configuration.
This phenomenon agrees with the finding in the stator-HRM interaction study. The
interaction effect reduces the thickness of the boundary layer. Figure 9-6 also suggests
that the stator predicts the highest static pressure in the HRM/stage/HRM configuration. The rotor-HRM interaction effect boosts the rotor performance, produces
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more swirl velocity, and the stator converts the higher swirl dynamic pressure to more
static pressure. For example, the stator in the stage alone configuration predicts a
static pressure rise coefficient of 0.17, the stage/HRM case predicts 0.19 (18% higher),
and the HRM/stage/HRM case predicts 0.216 (27% higher).
0.23

Desgin Point

0.22

stator

0.21
Stage alone
Stage/HRM
HRM/Stage/HRM

0.2
0.19
0.18
0.17
0.3

0.35

0.4

Figure 9-6: Comparison of stator pressure rise
Then, we look at the stage performance. Figure 9-7 shows a comparison of
the stage static pressure rise and efficiency.

This figure clearly shows that the

close-coupled interaction effect could significantly improve stage performance. The
stage/HRM configuration predicts higher static pressure than the pressure rise in the
stage alone configuration. From the earlier discussion on the rotor and stator performance, we can conclude that this benefit on the stage pressure rise is from the stator
performance improvement. The HRM/stage/HRM configuration predicts the highest
static pressure rise, which is significantly higher than the stage alone configuration.
The pressure production increment comes from three sources. The interaction effect between the upstream HRM and the rotor induces a higher rotor static pressure
production and a higher rotor swirl velocity production. At the same time, the interaction effect between the downstream HRM and the stator induces a higher stator
static pressure production. When we look at the data, at the design point, the stage
alone configuration predicts a static pressure rise coefficient of 0.718, the stage/HRM
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predicts 0.739 (2.9% higher), and the HRM/stage/HRM predicts 0.8 (11.4% higher).
The benefit of the interaction effect also shows up on the stage efficiency, which is
shown in Fig. 9-7(b), i.e., at the design point, the stage alone configuration predicts a
static pressure rise coefficient of 70.8%, the stage/HRM predicts 72.8% (2% higher),
and the HRM/stage/HRM predicts 74.8% (4% higher).
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Figure 9-7: Comparison of (a) stage pressure rise & (b) stage efficiency
Finally, we look at the system performance. Recall the rotor-HRM interaction and
stator-HRM interaction studies; the HRMs may induce higher pressure drop when
close-coupled with a rotor or stator. Figure 9-8 shows a comparison of the pressure
drop across the HRM. In the figure, the stage alone curve represents that the HRM is
placed infinitely far from the stage so that the velocity coming into the HRM is axial
and uniform, implying an ideal pressure drop. Figure 9-8 shows that the pressure
drop is nearly identical to the ideal case for the HRM placed downstream of the
stage (stage/HRM curve and the HRM/stage/HRM (down) curve). The reason is
that after the stator de-swirl the flow, the incoming flow to the downstream HRM is
nearly axial and uniform. However, the HRM that is placed upstream of the stage
produces a much higher pressure drop, which will lower the system efficiency. Recall
that this additional loss is from the upstream flow redistribution as the presence of a
stagnation point on the rotor leading-edge.
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Figure 9-8: Comparison of pressure drop across resistance
Figure 9-9 shows the system static pressure rise and efficiency. From the definition, stage performance and system performance is identical for the stage alone
configuration. Comparing Fig. 9-7 and Fig. 9-9, the stage performance and the
system performance are very similar in the stage/HRM configuration except for the
low flow coefficient case. However, the system performance of the HRM/stage/HRM
configuration is not as good as the stage performance. Since the benefit is negated
by the additional loss in the upstream HRM, the HRM/stage/HRM configuration
predicts a system efficiency of 68.2%, which is 2.6% lower than the stage alone configuration and 4% lower than the stage/HRM configuration. The next section will
examine multiple gaps between the upstream HRM and the stage rotor leading-edge
to see if there is an optimal separation gap that could help the system performance.
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9.2

Upstream HRM-Stage Separation Gap Effect
on Stage Geometry I Configuration

A sensitivity study on the stage-upstream HRM separation gap is investigated by
changing the gap thickness. Six gap thicknesses are tested, including 2.5%, 5%,
7.5%, 10%, 40%, and 100% of the rotor chord. The rotor, stator, stage, and system
performance will be compared with the stage/HRM configuration.
Figure 9-10 shows a comparison of the rotor static pressure rise and static efficiency. The figure shows that the interaction is more significant at small gaps, and
the static pressure production is not a linear relation with the separation gap change.
When the separation gap is large, for the 40% and 100% gap case, the rotor performance is identical to the stage/HRM configuration, which implies no interaction
effect, and the stage performance is not affected by the upstream HRM. When the
gap decreases from 40% to 10%, the rotor static pressure rise also decreases. When
the gap keeps decreases, the rotor static pressure rise starts to increases. The 2.5%
case, 5% case, and 7.5% case one are better than one. The variation of static pressure
production has two factors. Recall the rotor-HRM interaction study shows the close
the gap, the higher the static production. Also, for this rotor design, the 10% gap
case predicts an unstable solution because of the formed jet’s unsteadiness. For this
stage study, we should also notice that the variation of stator performance will change
the rotor’s backpressure, affecting rotor performance. This study suggests when designing a system with stage-HRM interaction, one should design it all together as
each component will interact with each other. Figure 9-11 shows a comparison of the
rotor total pressure rise and total efficiency. The trend is very similar to the static
pressure rise shown in Fig.9-10.
Figure 9-12 shows the stator performance, which suggests that the close the gap,
the greater the swirl velocity production from the rotor, which the swirl dynamic
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pressure will be converted to static pressure at the stator. The stage static pressure
rise and efficiency are shown in Fig. 9-13. The trend is also very similar to the static
pressure rise shown in Fig. 9-10.
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Figure 9-12: Comparison of stator pressure rise
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Figure 9-13: Comparison of (a) stage pressure rise & (b) stage efficiency
Finally, we will investigate the system performance. Figure 9-14 shows the pressure drop across the HRM. The additional loss increases as the separation gap decreases. The comparison is trivial: flow redistribution and nonuniformity are small
when the HRM is placed far from the stage. The additional loss will reflect on the
system’s performance. Figure 9-15 shows that the HRM/stage/HRM configuration
system produces less pressure rise in nearly all gaps at all flow coefficients compared
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to the stage/HRM configuration. Also, system efficiency is not compatible. Therefore, this study suggests that the interaction between the upstream HRM and the
stage always lowers the system efficiency.
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Figure 9-14: Comparison of pressure drop across resistance
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9.3

Stage Geometry II Configuration

Figure 9-16 shows the 2-D computational domain of a stage of rotor-stator. An inhouse code generates the blade geometries, and the detailed parameters are listed in
the following tables 9.3 and 9.4. Note that the rotor blade has a very high diffusion
factor, which is 0.73, to illustrate the interaction effect’s benefit. For the stator blade,
the diffusion factor is 0.67, which is slightly higher than the Howell relation’s upper
bound. The separation gap between the rotor and stator is 7% of the rotor chord.
This section will compare three configurations, including a stage alone configuration,
a stage coupled with the High Resistance Mediums (HRMs) placed downstream of the
stator blades, and a stage coupled with HRMs placed both upstream and downstream.
The case setting is similar to the previous case study. The model of HRMs is specified
to be porous media with a homogeneous resistance factor of 8. In the stage/HRM
configuration, the HRM is placed 5% of the rotor chord downstream of the stator
trailing-edge. In the HRM/stage/HRM configuration, the upstream HRM is placed
2.5% of the rotor chord upstream of the rotor leading-edge, and the HRM is placed
5% of the rotor chord downstream of the stator trailing-edge. The rotor blade moves
from top to bottom in the computational model, and the airflow is from left to right.
Velocity Inlet and Pressure Outlet are specified as the boundary conditions on the left
and right edges. A Periodic boundary condition is specified to simulate the geometry
of a cascade.

Figure 9-16: Nominal fan rotor design
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Re
150,000
Spacing/Chord
1
Max Thickness 5% of Chord

Leading-edge blade angle
73.1
Trailing-edge blade angle
43.1
Diffusion factor at design point 0.73

Table 9.3: Rotor geometrical parameters
Re
150,000
Spacing/Chord
0.417
Max Thickness 5% of Chord

Leading-edge blade angle
59.5◦
Trailing-edge blade angle
0◦
Diffusion factor at design point 0.67

Table 9.4: Stator geometrical parameters
Figure 9-17 shows a comparison of the relative velocity magnitude contours of the
stage alone configuration (top), stage/HRM configurations (middle), and HRM/stage/HRM
configurations (bottom) at multiple operating points. The relative velocity contours
comparison shows a very similar trend as in the stage geometry I configuration study.
Preliminary rotor performance analysis from Fig. 9-17 indicates that the fan rotor has
a very thick boundary layer and the flow separation on the blade suction surface in
the stage alone configuration and stage/HRM configuration. The HRM/stage/HRM
configuration predicts little or no flow separation on the rotor surfaces over the flow
range of φ=0.3 to φ=0.39 (i.e., the blue-colored regions are much thinner). Also, Fig.
9-17(g), (h), and (i) clearly show the jet formation on the rotor surfaces because of
the presence of the upstream HRM.
Next, Fig. 9-18 shows a comparison of the velocity magnitude contours in the
absolute-frame of the stage alone configuration (top), stage/HRM configurations
(middle), and HRM/stage/HRM configurations (bottom) at multiple operating points.
The figure shows qualitatively that the three configurations predict similar boundary
layer thickness on the stator surface, which implies that the downstream HRM-fan
interaction effect does not help reattach the boundary layers and reduce the boundary
layers’ thickness in this configuration significantly.
Similar to the stage geometry I configuration study, the rotor performance will
be evaluated first. The rotor static performance comparisons are shown in Fig. 9269
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Figure 9-17: Relative velocity contours
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(a) Stage alone φ=0.3

(b) Stage alone φ=0.35

(c) Stage alone φ=0.39

(d) Stage/HRM φ=0.3

(e) Stage/HRM φ=0.35

(f) Stage/HRM φ=0.39

(g) HRM/stage/HRM φ=0.3

(h) HRM/stage/HRM φ=0.35 (i) HRM/stage/HRM φ=0.39

Figure 9-18: Velocity magnitude contours in the absolute-frame
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19. The comparisons include rotor static pressure rise coefficient and rotor static
efficiency. Also, Fig. 9-20 shows a comparison of the fan total pressure rise and
the total efficiency. The trend of Fig. 9-19 and Fig. 9-20 are very similar, which
suggests the rotor in the stage alone and stage/HRM proforms nearly identical, and
the interaction effect greatly improves the rotor performance in the HRM/stage/HRM
configuration. Also, Fig. 9-20(b) suggests a benefit on rotor total efficiency.
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Figure 9-19: Comparison of (a) static pressure rise & (b) static efficiency
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Figure 9-20: Comparison of (a) fan ideal pressure rise & (b) fan ideal efficiency
Next, we investigate stator performance. Figure 9-21 shows a comparison of the
stator static pressure rise. This figure clearly shows no improvement in stator static
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pressure rise from the stage alone configuration to the stage/HRM configuration.
On the contrary, the stator produces a lower value at the low flow coefficient with
the presence of downstream HRM. Figure 9-21 also suggests that the stator predicts
the highest static pressure in the HRM/stage/HRM configuration. The rotor-HRM
interaction effect boosts the rotor performance producing more swirl velocity, and the
stator takes this advantage and converts the swirl dynamic pressure to more static
pressure.
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Figure 9-21: Comparison of stator pressure rise
Then, we look at the stage performance. Figure 9-22 shows a comparison of
the stage static pressure rise and efficiency. This figure shows that the stage alone
and stage/HRM configuration predict similar pressure rise except at the low flow
coefficient. From the earlier discussion on the rotor and stator performance, we
can conclude that the variation of stage pressure rise is the change of the stator
performance. The HRM/stage/HRM configuration predicts the highest stage static
pressure rise, which is significantly higher than the stage alone configuration. The
pressure production increment comes from two sources: the interaction effect between
the upstream HRM and the rotor induces a higher rotor static pressure production
and a higher rotor swirl velocity production. The comparison of stage efficiency is
shown in Fig. 9-7(b). The trend is similar to the stage pressure rise comparison.
Finally, we look at the system performance. The trend is very similar to the stage
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Figure 9-22: Comparison of (a) stage pressure rise & (b) stage efficiency
geometry I configuration study. Figure 9-23 shows a comparison of the pressure drop
across the HRM, suggesting additional pressure drop across the upstream HRM. The
additional pressure drop lowers the system’s static pressure rise and efficiency. Therefore, the performance of HRM/stage/HRM configuration system predicts a lower system pressure rise and efficiency.
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Figure 9-23: Comparison of pressure drop across resistance
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9.4

Upstream HRM-Stage Separation Gap Effect
on Stage Geometry II Configuration

A sensitivity study on the stage-upstream HRM separation gap is investigated by
changing the gap thickness. Seven gap thicknesses will be tested, including 2.5%, 5%,
7.5%, 10%, 30%, 40%, and 100% of the rotor chord. The rotor, stator, stage, and
system performance will be compared with the stage/HRM configuration.
Figure 9-25 and Fig. 9-26 shows the rotor performance comparison. The comparison includes the rotor static pressure rise and static efficiency and total pressure rise
and total efficiency. The trend is very similar to the upstream HRM-stage separation
gap effect study on stage geometry I configuration. The interaction effect is more
significant at small gaps, and rotor performance is not linear with the separation gap
change. This study suggests when designing a system with stage-HRM interaction,
one should design it all together as each component will interact with each other.
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Figure 9-25: Comparison of (a) static pressure rise & (b) static efficiency
Figure 9-27 shows stator static pressure rise, also suggests a nonlinear relation
with the separation gap change. In the 100% gap case, the stator performance is
identical to the stator in stage/HRM configuration. When the HRM gets closer to
the fan, the stator performance is better. The 30% gap case predicts the highest
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Figure 9-26: Comparison of (a) fan ideal pressure rise & (b) fan ideal efficiency
value. As the gap keeps decreasing from 30% to 10%, the stator static pressure rise
also reduces. The 10% gap case predicts the lowest value. In small gap cases, the
stator static pressure rise increases. The 2.5% case, 5% case, and 7.5% case one are
better than one. The stage static pressure rise and efficiency are shown in Fig. 9-28.
The trend is very similar.
Desgin Point

stator

0.24
None
2.5%
5%
7.5%
10%
30%
40%
100%

0.22

0.2

0.18
0.3

0.35

0.4

Figure 9-27: Comparison of stator pressure rise
Finally, we will investigate the system performance. Figure 9-29 shows the pressure drop across the HRM. The additional loss increases as the separation gap decreases. This result is trivial in that the flow redistribution and nonuniformity are
small when the HRM is placed far from the stage. The additional loss will reflect
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Figure 9-28: Comparison of (a) stage pressure rise & (b) stage efficiency
on the system’s performance. Figure 9-30 shows that the system produces less pressure rise in nearly all gaps at all flow coefficients. Also, the system efficiency is not
compatible with the stage/HRM configuration. Therefore, this study suggests that
the interaction between the upstream HRM and the stage also lowers the system
efficiency.
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Figure 9-29: Comparison of pressure drop across resistance
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Figure 9-30: Comparison of (a) corrected stage pressure rise & (b) corrected stage
efficiency
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9.5

Stage Geometry III Configuration

Figure 9-31 shows the 2-D computational domain of a stage of rotor-stator. An inhouse code generates the blade geometries, and the detailed parameters are listed in
the following tables 9.5 and 9.6. Note that the rotor blade has a very high diffusion
factor, which is 0.73, to illustrate the interaction effect’s benefit. For the stator
blade, the diffusion factor is 0.63, which is slightly lower than the stage geometry
II configuration study. The separation gap between the rotor and stator is 7% of
the rotor chord. This section will compare three configurations, including a stage
alone configuration, a stage coupled with the High Resistance Mediums (HRMs)
placed downstream of the stator blades, and a stage coupled with HRMs placed both
upstream and downstream. The case setting is similar to the previous case study.
The model of HRMs is specified to be porous media with a homogeneous resistance
factor of 8. In the stage/HRM configuration, the HRM is placed 5% of the rotor chord
downstream of the stator trailing-edge. In the HRM/stage/HRM configuration, the
upstream HRM is placed 2.5% of the rotor chord upstream of the rotor leading-edge,
and the HRM is placed 5% of the rotor chord downstream of the stator trailing-edge.
The rotor blade moves from top to bottom in the computational model, and the
airflow is from left to right. Velocity Inlet and Pressure Outlet are specified as the
boundary conditions on the left and right edges. A Periodic boundary condition is
specified to simulate the geometry of a cascade.
Re
150,000
Spacing/Chord
1
Max Thickness 5% of Chord

Leading-edge blade angle
73.1
Trailing-edge blade angle
43.1
Diffusion factor at design point 0.73

Table 9.5: Rotor geometrical parameters
In this configuration, all rotor performance, stator performance, stage performance, and system performance have the same trend as the stage geometry II configuration study discussed in section 9.3.
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Figure 9-31: Nominal fan rotor design

Re
150,000
Spacing/Chord
0.3332
Max Thickness 5% of Chord

Leading-edge blade angle
59.5◦
Trailing-edge blade angle
0◦
Diffusion factor at design point 0.63

Table 9.6: Stator geometrical parameters
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(a) Stage alone φ=0.3

(b) Stage alone φ=0.35

(c) Stage alone φ=0.39

(d) Stage/HRM φ=0.3

(e) Stage/HRM φ=0.35

(f) Stage/HRM φ=0.39

(g) HRM/stage/HRM φ=0.3

(h) HRM/stage/HRM φ=0.35 (i) HRM/stage/HRM φ=0.39

Figure 9-32: Relative velocity contours
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(a) Stage alone φ=0.3

(b) Stage alone φ=0.35

(c) Stage alone φ=0.39

(d) Stage/HRM φ=0.3

(e) Stage/HRM φ=0.35

(f) Stage/HRM φ=0.39

(g) HRM/stage/HRM φ=0.3

(h) HRM/stage/HRM φ=0.35 (i) HRM/stage/HRM φ=0.39

Figure 9-33: Velocity magnitude contours in the absolute-frame
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Figure 9-34: Comparison of (a) static pressure rise & (b) static efficiency
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Figure 9-37: Comparison of (a) stage pressure rise & (b) stage efficiency
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Figure 9-38: Comparison of pressure drop across resistance
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9.6

Comparison of Three Configurations

This section will compare the performance of the three geometries discussed in earlier
sections. Note that this is not an optimization study. We aim for a better understanding of the trend of performance change with variation of stator blade numbers.
In this section, the stage geometry I configuration will be called to 1:2 configuration,
the stage geometry II configuration will be called to 1:4 configuration, and the stage
geometry III configuration will be called to 1:5 configuration, which bases on the rotor
number to stator number ratio.
Firstly, we investigate the stage/HRM configurations. An important feature we
should notice is that the change in rotor performance from the rotor-stator interaction.
Figure 9-40 shows a significant improvement in the rotor static pressure rise and
static efficiency from the 1:2 configuration to the 1:4 and 1:5 configurations. This
phenomenon is similar to the rotor/HRM interaction effect. Actually, the stators
affect rotor performance in a similar way as the HRMs; the stators very the rotor
backpressure and uniformize the flow. This effect growth as the increment of the
number of stators. Figure 9-41 shows the comparison of rotor total performance,
including total pressure rise and total efficiency. This figure shows the same story.
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Figure 9-40: Comparison of (a) static pressure rise & (b) static efficiency
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Figure 9-41: Comparison of (a) fan ideal pressure rise & (b) fan ideal efficiency
Figure 9-42 shows the comparison of stage performance. This figure suggests a
significant improvement in stage performance and an important feature of changing
the optimal point. For example, Fig. 9-42 suggests an optimal point at φ=0.39
in the 1:2 configuration, φ=0.35 in the 1:4 configuration, and φ=0.33 in the 1:5
configuration. The optimal point shifts to the low flow coefficient as the increase in
number of stators.
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Figure 9-42: Comparison of (a) stage pressure rise & (b) stage efficiency
Secondly, we investigate the HRM/stage/HRM configurations. Like the stage/HRM
configuration study, an improvement of rotor performance is shown in Fig. 9-44 by
increasing the number of stators. However, this phenomenon is not as significant as
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Figure 9-43: Comparison of (a) corrected stage pressure rise & (b) corrected stage
efficiency
the stage/HRM configuration. The reason is that, with the presence of an upstream
HRM, the rotor performance is improved by the HRM/rotor interaction so that the
further improvement from the rotor/stator interaction is relatively smaller. Figure
9-45 shows the comparison of rotor total performance, including total pressure rise
and total efficiency. This figure shows the same story.
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Figure 9-44: Comparison of (a) static pressure rise & (b) static efficiency
Figure 9-46 shows the comparison of stage performance. Similar to the stage/HRM
configuration study, Fig. 9-46 suggests an improvement in stage performance and a
shift of the optimal point. Figure 9-47 shows the comparison of system performance,
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Figure 9-45: Comparison of (a) fan ideal pressure rise & (b) fan ideal efficiency
including pressure rise and efficiency. This figure shows the same story.
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Figure 9-46: Comparison of (a) stage pressure rise & (b) stage efficiency
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9.7

Summary

This chapter focuses on the interaction effect between HRM (or HRMs) and fan stages.
Two configurations are studied, including HRM/stage/HRM and stage/HRM. This
study confirms our finding in the rotor-HRM interaction study. When HRM is located
upstream of a high diffusion factor rotor, the swirl velocity increases significantly as
a result of HRM-rotor interaction. Therefore, a stator placing downstream of the
fan rotor could take advantage of this increase in swirl velocity. Since the swirl
dynamic pressure is converted into static pressure, the system performance rises.
The stator vanes are also designed with high diffusion factors, and an HRM is placed
behind the stator to take advantage of stator-HRM interaction. However, the presence
of upstream HRM benefits the rotor performance but always decreases the system
performance by generating an additional loss. Therefore, the system performance
of the HRM/stage/HRM case is lower than the stage/HRM configuration. In the
stage/HRM configuration, even without optimization, the stage static efficiency can
reach 80%. Both HRM/stage/HRM and stage/HRM configurations take advantage
of the stator-HRM interaction effect, in which high DF blades work well (no flow
separation) in the desired flow coefficient. Note that to produce the same amount of
flow turning, using a high DF blade replacing a low DF blade could greatly reduce the
number of blades. There are multiple advantages of reducing the number of blades,
including reducing the profile loss and manufacturing costs.
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Chapter 10
Fan/Coil with Curved-Fins Design
This chapter investigates the coupling effects between a fan rotor and a curved-fin
heat-exchanger using 2-D unsteady URANS CFD simulations. We are particularly
interested in the fan rotor, curved-fin heat-exchanger, and system aerodynamic performance when an HRM (curved-fin heat-exchanger) is placed closely behind it. A
rotor blade with a very aggressive diffusion factor of 0.75 is used in this study. The
design point is at a flow rate corresponding to a flow coefficient of 0.348, and the
Reynolds number based on the blade speed is about 155,000.
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10.1

Fan/Curved-Fins HRM Design Ideal Performance

Three 2-D computational models are compared in this section, which is shown in
Fig. 10-1. A fan alone configuration represents a conventional design, in which the
surrounding components are far from the fan rotor so that the fan/HRM interaction
effect is negligible. Figure 10-1(b) shows a fan/conventional straight-fins HRM model
that represents a circumstance that is pursuing compactness without considering the
close coupling effect. A novel fan/coil with a curved-fins combination model illustrates
how to benefit from the fan/HRM interaction effect. The rotor blades move in a
downward direction, and the airflow is from left to right. The HRM is modeled by
the method introduced in Chapter 8. The simplified model is applied to represent
an ideal configuration, which recovers all swirl dynamic pressure and induces no
additional loss. The reference resistance factor of a heat-exchanger coil is 8. Here, we
apply the same value (K=8) to the fins HRM models axial component. An accurate
estimation of the K-value of the coil with curved-fins in having the same heat-exchange
capability as the conventional coil with straight-fins would require the actual design of
the coil with curved-fins, which is outside the scope of this study. Instead, we assume
that the coil with curved-fins has the same K-value as the conventional straight coil.
Figure 10-2 shows a comparison of the relative velocity magnitude contours of the
fan alone configuration (top), fan/conventional straight-fins HRM model (middle),
and the fan/coil with curved-fins HRM model (bottom) at multiple operating points.
The figure clearly shows qualitatively that the fan rotor performs much better when
a fan rotor is closely coupled with an HRM. In particular, both fan/conventional
straight-fins HRM model and fan/coil with curved-fins HRM model predict little or
no flow separation on the blade surfaces over the flow coefficient range of 0.3 to 0.39
(i.e., the blue-colored regions are very thin). The relative velocity magnitude contours
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(a) Conventional design

(b) Fan/conventional with straight-fins (c) Fan/coil with curved-fins HRM combinaHRM model
tion model

Figure 10-1: Computational models of comparison
also show the de-swirling effect at the front portion of the curved-fins in the fan/coil
with curved-fins HRM model, while the swirl dynamic pressure is completely lost in
the fan/conventional straight-fins HRM model.
Figure 10-3 shows the velocity contours in the stationary frame near the HRM
leading-edge. Figure 10-3(a), (b), and (c) suggests that the fins leading-edge experience a high incidence inducing the flow separation, and nearly all swirl dynamic
pressure is dissipated. However, the novel fan/coil with curved-fins design turns the
flow gradually so that all swirl dynamic pressure is converted to static pressure.
The fan rotor static quantity performance comparisons are shown in Fig. 104. The comparisons include rotor static pressure rise coefficient and rotor static
efficiency. The figure shows that the interaction effect significantly helps with rotor
static pressure rise. Also, the fan performances are almost identical between the
fan/straight-fins HRM model and the fan/curved-fins HRM model. The downstream
HRMs have an equivalent effect on fan performance since the K factor and the gap are
the same. Fig. 10-4(a) shows that the fan rotor produces much higher static pressure
by close coupling with an HRM when φ is less than 0.43, which φ=0.43 is the flow
condition at which we start to see flow separation on the blade suction surface. At
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(a) Fan alone φ=0.3

(b) Fan alone φ=0.35

(c) Fan alone φ=0.39
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Figure 10-2: Relative velocity contours
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(a) Fan/straight-fins (b) Fan/straight-fins (c) Fan/straight-fins
HRM φ=0.3
HRM φ=0.35
HRM φ=0.39

(d) Fan/curved-fins (e) Fan/curved-fins (f) Fan/curved-fins
HRM φ=0.3
HRM φ=0.35
HRM φ=0.39

Figure 10-3: Stationary frame velocity contours

296

the design point φ=0.35, the interaction effect boosts the static pressure production
from 0.526 to 0.624, which is an 18.6% increment. Figure 10-4(b) shows that the
static efficiency is very similar for all configurations.
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Figure 10-4: Comparison of (a) static pressure rise & (b) static efficiency
Next, the fan rotor total quantity performance curves are compared in Fig. 10-5.
The comparisons include total pressure rise and total-to-total efficiency versus flow
coefficient. Note that since the swirl dynamic pressure is recovered in the downstream
coil with curved-fins, it is more appropriate to compare total-to-total quantities instead of the conventional total-to-static quantities when a fan alone configuration is
considered. These plots include three fan/coil configurations: (1) fan alone, (2) fan
with conventional straight-fins, and (3) fan/coil with curve-fins. Looking at the fan
total pressure rise, Fig. 10-5(a) shows that both the fan coupled with a conventional
coil and the fan coupled with a curved-fins coil produces more pressure rise than the
fan alone case at the design point, i.e., a total pressure coefficient 1.058 vs. 0.866, or
about 22.2% more. As for total-to-total efficiency, the fan alone configuration is 3.7%
lower.
Moreover, at the lower flow (or near the stall region), the fan alone case performs
significantly poorer than the other two in terms of operating range (fan alone case
stalls earlier at around flow coefficient of 0.3), total pressure rise (over 0.3 in total
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pressure rise coefficient), and total-to-total efficiency (7% lower). This is very significant for the following reason. In daily life operation, as dirt is built up in the filter
and heat-exchangers, the fan alone configuration would perform poorly due to its inability to produce enough pressure rise to overcome the increment of flow resistance.
On the other hand, the same fan coupled with the heat-exchanger can operate at high
efficiency with robust pressure rise capability.
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Figure 10-5: Comparison of (a) fan ideal pressure rise & (b) fan ideal efficiency
The previous comparisons of fan total-to-static pressure rise, static efficiency,
total-to-total pressure rise, and total efficiency show significant advantages with the
fan-HRM interaction effect. Next, we compare the efficiency of these three configurations at the system level by investigating the corrected quantities. From Fig.
10-6(a), the fan/curved-fins HRM design shows a significant improvement in static
pressure rise on the system. In contrast, the conventional design and the compact
fan/straight-fins HRM design remain approximately the same. When we look at the
system efficiency of the three configurations, Fig. 10-6(b) shows that, at the design
point, the fan/curved-fins HRM design predicts the highest system efficiency of 82.4%
while the conventional design predicts 56.5%. The 25.9% increment is from the swirl
dynamic pressure recovery. Note the simplified curved-fins HRM model implies the
ideal case, which induces no additional pressure loss. Recall the additional pressure
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loss inducement due to the high dynamic pressure in the portion of the coil with
curved-fins, hence higher coil loss for the same K-value (see Chapter 8). Figure 106(b) also shows that when ignoring the interaction effect of compact system design,
the system efficiency is reduced, i.e., 47% for the fan/straight-fins HRM design (9.5%
lower than the conventional design and 35.4% lower than the fan/curved-fins HRM
design).
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Figure 10-6: Comparison of (a) corrected fan ideal pressure rise & (b) corrected fan
ideal efficiency
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10.2

Effects of Upstream HRM on Fan/CurvedFins HRM Design Performance

In many applications, surrounding components place both upstream and downstream
of the fan rotor, e.g., compact servers. Therefore, this section will evaluate the fan
performance and system performance of the fan/fins HRM configurations with an
upstream HRM. Figure 10-7 shows the five 2-D computational geometries of (a) fan
alone configuration, (b) fan/straight-fins HRM configuration, (c) fan/straight-fins
HRM configuration with upstream HRM, (d) fan/curved-fins HRM configuration,
and (e) fan/curved-fins HRM configuration with upstream HRM.

(a) Conventional design

(b) Fan/straight-fins HRM configuration (c) Fan/straight-fins HRM configuration with
upstream HRM

(d) Fan/curved-fins HRM configuration

(e) Fan/curved-fins HRM configuration with
upstream HRM

Figure 10-7: Computational models of comparison
Figure 10-8 shows a comparison of the relative velocity magnitude contours of
the 2-D models at multiple operating points. The figure clearly shows qualitatively
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that the fan rotor downstream fins HRMs significantly help the boundary layers
reattachment, and in the cases that boundary layers are still thick, the presence of
upstream HRMs further reduces the thickness of the boundary layers. In particular,
at the low flow coefficient, both the HRM/fan/straight-fins HRM model and the
HRM/fan/curved-fins HRM model predict much thinner boundary layers than the
fan/straight-fins HRM model and fan/curve-fins HRM model (i.e., the blue-colored
regions are very thin). We should also notice that the appearance of upstream HRMs
induces jets formation on the rotor blade suction surface. As we expected, the relative
velocity magnitude contours also show the de-swirling effect at the front portion of the
curved-fins in the fan/coil with the curved-fins HRM model, while the swirl dynamic
pressure is completely lost in the fan/conventional straight-fins HRM model.
The fan rotor performance comparisons are shown in Fig. 10-10 and Fig. 10-11.
The comparisons include rotor static pressure rise coefficient, rotor static efficiency,
rotor total pressure rise coefficient, and rotor total efficiency. The figure shows that
the presence of additional upstream HRMs does not further affect fan performance.
Note that for this rotor design, the boundary layers are already very thin with the
benefit of the downstream fins HRM. Therefore, no further change in fan performance
is expected. However, suppose the rotor design has an even higher diffusion factor so
that even the fan couples with a downstream fins HRM flow still separate from the
blade surface. In that case, an additional upstream HRM may further improve the
fan rotor performance.
Next, we compare the five configurations at the system level. Recall we define the
corrected parameters to quantify the system performance. Figure 10-12(a) indicates
the capability of producing useful pressure rise of the fan rotor in the system reduces
as the presence of the additional upstream HRM. The reason is discussed in Chapter
5. An upstream HRM generates additional loss because of the flow redistribution in
it since the presence of the stagnation point at the fan rotor leading-edge. Due to
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Figure 10-8: Relative velocity contours
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Figure 10-8: Relative velocity contours
the additional loss, we expect the system efficiency to drop. The HRM/fan/curvedfins HRM model predicts a system efficiency of 76%, which is 8% shorter than the
fan/curved-fins HRM model. Similarly, the HRM/fan/straight-fins HRM model predicts a system efficiency of 40%, which is 8% shorter than the fan/straight-fins HRM
model.
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Figure 10-9: Stationary frame velocity contours
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Figure 10-9: Stationary frame velocity contours
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10.3

Summary

This chapter introduces a second way to take advantage of the significant increment
of swirl production from the interaction effect between a high diffusion factor rotor
and HRMs is to employ a curved-fins heat-exchanger. This study is performed by
using the simplified model. We find the rotor curved-fins heat-exchanger ideal static
efficiency can reach 85%.
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Chapter 11
Conclusion and Recommendation
11.1

Conclusion

This thesis investigates the flow interaction effects between close-coupled axial turbomachines and high resistance medium (HRM) and its effects on turbomachine and
system performance using experimentally and computationally. The HRM represents
a simplified model of fan surrounding components, e.g., heat-exchangers and filters
in HVAC systems and cooling fins in high-density computer servers.
A combined experimental and 3-D computational investigation on an off-the-shelf
server cooling fan is performed first. The preliminary experimental and computational
study does not suggest a significant system performance change when an HRM is
placed near this fan. As the experimental facility can only provide system performance
measurements, a 3-D computational study was carried out for this fan to examine
fan performance. Again, the computational study shows that the fan performance is
only slightly affected by the HRM’s presence very close to the fan. These findings
are not in agreement with the experimental work of Wang (2000), and it is because
the two fans tested are quite different. In particular, the fan tested by Wang is a
tip-loaded HVAC fan with a relatively low hub-to-tip diameter ratio, while the fan
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tested in this study is a near free-vortex design computer cooling fan with high hubto-tip diameter ratio and the blade profiles are nearly the same at all span stations.
Also, the flow field in the fan tested by Wang is highly 3-D due to the large difference
between the fan diameter and the coil diameter (large shifting of streamlines in the
meridional plane). On the other hand, the fan tested in this work, which has a high
hub-to-tip diameter ratio and has the same diameter as the HRM, is expected to have
little streamline shifting in the meridional plane, and therefore the flowfield is mainly
2-dimensional.
The mainly 2-dimensional flow field inside the computer cooling fan allowed us to
predict the performance of this fan using 2-D cascade CFD simulations. Therefore,
the bulk of this thesis employs 2-D cascade (blade to blade) CFD simulations to
investigate the physics of fan-HRM interaction. Again, we note that the conclusion
drawn from 2-D cascade CFD is only valid for a high hub-to-tip diameter ratio fan
system where the radial shifting of streamlines is small.
As a part of the 2-D cascade CFD simulation, we first investigated the flowinteraction effects between a fan rotor and HRMs placed in very close proximity
using 2-D CFD. The main finding is that the coupling effect is favorable only if
flow separation is present at the design point when the fan operates in the fan-alone
configuration. As a result, this beneficial effect only shows up when the blades are
highly loaded, i.e., blades with very high DF, on the order of 0.7 or higher. In this case,
significant improvements in fan pressure rise are observed, but the static efficiency is
not improved unless the fan rotor exit swirl dynamic pressure can be converted to
static pressure. For conventional blade design with DF on the order of 0.55 or less,
the benefit only shows up at the off-design conditions, i.e., an extension of the stall
region. Note that the Ebm-Papst 4114 N/2H6 server cooling fan tested in Chapter 4
is a conventional blade design with the mid-span DF value of approximately 0.53, and
hence the coupling benefit is not expected to show up around the operating point,
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as observed in the experiment and in the 3-D CFD results discussed in Chapter 4.
At the system level, however, it is found that the pressure drop across the HRM is
increased due to an increase in flow velocity magnitude and/or flow non-uniformity
in the HRM region, reducing the benefit of fan and HRM coupling. Therefore, we
conclude that in practice, it is recommended that a rotor fan by itself (i.e., no stator)
should not be placed close to an HRM, as this results in lower system performance
unless the stall margin is more important than efficiency.
A parametric study of fan and HRM interactions is presented for a rotor fan only
in the 2-D cascade limit. The findings should apply to rotor fans with a large hubto-tip ratio, which is typical of rotor fans found in applications such as 1U computer
servers. The two configurations examined are the draw-through and the blow-through
configurations. The varying parameters include gap distance between the fan and the
HRM, the magnitude of HRM’s K resistance values, and the homogeneity of the K
resistance values. The general findings are summarized below.
In the draw-through configuration,
(a) in terms of fan rotor performance, the presence of the HRM is always beneficial
in terms of increased pressure rise. However, no improvement in fan static efficiency
is observed. This is due to the presence of a strong jet wrapping around the blade,
resulting in high dynamic pressure. Total pressure rise and total efficiency are seen to
be increased, but a stator blade row should be used to take advantage of this benefit.
Finally, it is found that the fan performance is improved in the stall region.
(b) in terms of system performance, the results show that the presence of the upstream
HRM is decremental, especially when the gap is small, in the range of 10% of the
chord or less. In this range of gaps, the velocity field in the HRM is highly nonuniform due to the proximity of the HRM to the fan leading-edge region (or the
stagnation region), resulting in higher loss across the HRM. Other disadvantages in
the draw-through configuration at a small gap include the presence of a strong jet
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wrapping around the blade, which includes higher mixing losses downstream of the
rotor.
(c) At a small gap and high K factor, the fan operating point shifts significantly. It
is recommended that in this situation, the fan should be designed with the coupling
effect.
In the blow-through configuration,
(a) in terms of fan rotor performance, the presence of the HRM is again always beneficial in terms of increased pressure rise, and the benefit starts to disappear at a gap
larger than around 10%-20%. Improvement in fan static efficiency is also observed.
This is due to the presence of a strong jet wrapping around the blade, resulting in high
dynamic pressure. Total pressure rise and total efficiency are significantly improved,
but a stator blade row should be used to take advantage of this benefit. Another
important finding is that the benefit is present for K resistance values as low as 3.
Similar to the draw-through configuration, it is found that fan performance is much
improved in the stall region.
(b) in terms of system performance, the results show that the presence of the downstream HRM is very decremental because of the larger velocity magnitude entering
the HRM. In particular, at the same flow coefficient, the velocity entering the HRM
region has a circumferential velocity component; thus, the magnitude of the velocity
is higher, resulting in a higher loss in the HRM region.

A parametric study is also performed on a high diffusion factor stator and HRM
integration. Since the stator will always be placed behind a fan rotor, only HRMs
placed downstream of the stator are investigated. The varying parameters include
gap distance between the fan and the HRM, the magnitude of HRM’s K resistance
values, and the homogeneity of the K resistance values. Finally, an evaluation of
stator blade loading types (leading-edge design and trailing-edge design) is carried
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out. The general findings are summarized below.
(a) The presence of the HRM is always beneficial for stator performance in terms of
increased pressure rise, and the benefit starts to disappear at a gap larger than around
10%-20%. Improvement in the percentage of swirl dynamic pressure recovery is also
observed. Another important finding is that the benefit is present for K resistance
values as low as 1.
(b) in terms of system performance, this study shows that the downstream HRM
works extremely well in the stator-HRM integration. After the stator, the flow has
no swirl so that the HRM induces nearly no additional loss.
(c) the study of leading-edge loading design vs. trailing-edge loading design suggests potential advantages of trailing-edge loading design when the stator blades are
designed with a high diffusion Factor.
In Chapter 8, we first investigated the flow characteristic of conventional heatexchangers. We found that the refrigerant tubes are crucial to be included in the
simulation model in order to predict accurate pressure drops. Then, the feasibility of the curved-fins heat-exchanger is investigated. We first compare the pressure
drop performance between a straight-fins heat-exchanger model and two curved-fins
heat-exchanger models. The curved-fins heat-exchanger models are mild-turning and
rapid-turning at the heat-exchanger leading-edge. We found that the curved-fins
heat-exchanger predicts a smaller loss. Also, this comparison suggests that the high
magnitude velocity that goes into the curved-fins induces additional loss. In order
to minimize this additional loss, the curved-fins should be designed to turn the flow
as quickly as possible. Next, a simplified model is developed. The simplified model
proposes to use slip-wall stators with a specified resistance factor. The simplified
model agrees with the real fin model very well.
Finally, to take advantage of the significant increment of swirl production from
the interaction effect between a high diffusion factor rotor and HRMs, we employ a
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stator behind a fan rotor to convert the swirl dynamic pressure into static pressure
i.e., fan-stage coupling with HRMs. The stator design is also with high DF to take
advantage of the interaction effect with downstream HRM. This study confirms our
finding in the rotor-HRM interaction study. Even without optimization, the stage
static efficiency can reach 80%. The presence of upstream HRM benefits the rotor
performance but always decreases the system performance by generating an additional
loss.
A second way to take advantage of the significant increment of swirl production
from the interaction effect between a high diffusion factor rotor and HRMs is to
employ a curved-fins heat-exchanger. This study is performed by using the simplified
model. We find the rotor curved-fins heat-exchanger ideal static efficiency can reach
85%.
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11.2

Recommendation and Future Work

There are two ways of improving system performance. One is to improve turbomachine efficiency, and the other one is to reduce system loss. An optimal design should
take advantage of the close-coupling effect while keeping system loss under control.
In Chapter 5 and Chapter 6, we showed that, in a close-coupled system, rotor
performance and pressure loss across the High Resistance Medium are interrelated.
In a draw-through system (HRMs place upstream of the fan), the fan performance
is greatly increased when the separation gap is small, but the pressure drop across
the HRM also increases. Recall that this phenomenon is because of the flow nonuniformity in the HRM region. The additional HRM loss will go away when the
separation gap is large. However, the benefits of the fan rotor performance will be
lost. Therefore, a draw-through system will not be able to take the full benefit of the
flow interaction effect.
Similarly, rotor performance and pressure loss across the High Resistance Medium
are also interrelated in a blow-through system. However, the mechanics of the additional pressure drop across the HRM is different. The combination of axial velocity
and swirl velocity leads to a high-velocity magnitude entering the HRM, resulting in
a higher pressure drop across the HRM. If one is able to reduce the magnitude of
the swirl entering the HRM, then the additional loss will be eliminated. Note that a
rotor-stator stage/HRM configuration does benefit the stator, but not the rotor.
The rotor/curved-fins configuration is a promising concept. In this configuration,
the rotor can be designed at high DF due to the presence of the downstream curvedfins HRM. However, one must be able to design the curved-fins HRM in such a way
that it de-swirl the flow in the shortest distance to minimize additional system loss.
Two other configurations that can take advantage of the close-coupling effects
between fan and HRM should be investigated in the future. One is to use a counterrotating fan. The other one is to use pre-swirl vanes in front of the rotor. Both
314

designs will employ a high DF rotor blade to benefit from flow interaction. Both
configurations will be a blow-through system, in which the fan system has no swirl
entering the HRM.
Finally, the present 2-D cascade study is limited to blade design with small radial
shifting in streamlines, e.g., fan system with a high hub-to-tip diameter ratio. For fan
system applications where the hub-to-tip diameter ratio is large, e.g., in many HVAC
applications, a fully 3-D study should be carried out.
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